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ABSTRACT 
The properties of weakly bonded soil have been studied experimentally, mainly by an 
extension of recent work on artificial bonded sand. Higher stresses were used to fully examine 
yield of this soil when at denser states. 
Triaxial equipment applying confining pressures of 3.5 MPa and a belt for measuring 
radial strain on t riaxial soil samples were developed. 
The influence of saturation procedures on test results was investigated. A new loading 
arrangement has been used and comparative studies carried out to evaluate its influence. The 
new arrangement improves the stress distribution in the sample and the quality of the 
conventional strain measurements taken platen to platen. It also reduces premature failure of 
tbe sample due to non-uniform stresses. 
Two natural materiais with some degree of cementation were also tested: the Corinth 
mar! (a soft carbonaceous rock from Greece) and the Chemususu Dam soil (a red lateritic soil 
from Kenya). Both materiais have similar characteristics to the artificial soil when tested in 
triaxial compression. 
The bonded soils have shown a characteristic variation of stiffness with confining 
pressure. As the pressure is increased the secant initial stiffness increases initially but, at some 
treshold value of confining stress, show stabilization or even a drop on its absolute value, 
depending on the initial void ratio and the strength of the bonding. 
The bonded soils have a curved· yield locus which is coincident with the failure envelope 
at low stresses. The failure envelope in the low stress region is dependent of the stress path, 
being lower for conventional drained compression tests. 
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1. INTRODUCTION 
1.1 THESIS BACKGROUND 
The study described here developed as a continuation of the work on artificial residual 
soils, initiated by Maccarini (1987), under the supervision of Prof. P.R. Vaughan. They 
developed an artificial soil which could simulate a natural one to overcome the problems 
associated with sampling and testing of residual soils (sampling disturbance, variability of 
samples and unknown stress history). The main advantage of this idea is that it allows the 
production and testing of a number of samples of great similarity. The success of the 
technique allowed many interesting conclusions to be reached on the stress-strain behaviour of 
bonded materiais as discussed by Vaughan, Maccarini and Mokhtar (1988) and Vaughan 
{1988). 
The emphasis of this work has been ~he influence of the bonding on the mechanical 
behaviour of different materiais at confining stresses up to 3.5 MPa. Almost ali of the triaxial 
tests were carried out under fully saturated conditions, with no soil suction present, making thc 
interpretation of the test results in terms of effective stress straightforward. Although the 
influence of suction was not studied it has been measured for the Kenyan residual soil and is 
thought to interfere with the field behaviour of the Corinth Marl. 
1.2 SCOPE OF THE WORK 
A total of eighty five triaxial soil samples were tested comprising a soft rock , a residual 
soil and various artificial soil mixtures. The presentat.ion of their results has been separated 
into chapters on subject. and on materiais. 
It is well known that there is a large diffcrcnce between the stiffness determined in-situ 
and that caJculated from laboratory tests. This is particularly so for residual soils. A series of 
tests were carried out to identify the causes of such differences and the results and conclusions 
obtained are described in Chapter 3. A modification of the top-cap and load cell arrangement 
was adopted following these studies and used throughout the thesis. 
The work associated with the artificial soil had as a starting point the study of the 
influence of creep. Chapter 4 describes the results gained to observe this influence as well as 
the effect of the method of saturation (back-pressure or vacuum dry) and stress uniformity in 
tbe sample. The tests described there had no local axial strain measurements such as were 
used in )ater tests. 
A series of tests were performed on the artificial soil taking into consideration the 
conclusions of Chapter 4, i.e., ali samples were saturated with dry vacuum method and the new 
loading arrangement was used . Chapters 5 and 6 describe the results of this new series for the 
artificial soil at two different void ratios. The strength, yield curves and stiffnesses are 
examined. 
A bigh pressure cell, a controller for pressures of up t.o 3.5 MPa and a radial belt for 
measuring the radial strain of triaxial samples which were developed during the work are also 
described in Chapter 6. 
In Chapter 7 additional tests on other compositions of the artificial soil are presented 
and compared in tenlJs of strength, yield curves and stiffnesses. 
The test results of a soft rock from the Corinth Canal are presented in Chapter 8 
including some tests carried out in Greece following an agreed programme betwecn Imperial 
College and Prof. A. Anagnostopoulos, from the National Technical University of Athens. 
The results of permeability tests together with the compressibility and shear strength 
from triaxial tests on a residual soil from Kenya are presented in Chapter 9. 
Finally, Chapter 10 contains the discussion of results and a summary of the mam 
conclusions of the thesis. 
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2. LITERA TURE REVIEW 
The behaviour of bonded materiais has been studied at Imperial College for some time, 
under the supervision of Prof. P.R. Vaughan. Most of the conclusions that have been obtained 
are described on papers presented in two international conferences on tropical soils and 
international journals (Vaughan, 1985, 1988; Vaughan et al., 1988; Leroueil & Vaughan, 
1990). 
This chapter will cover the subject of bonded materiais in general, leaving specitic 
subjects for the chapters where the topics are analysed in more detail, particularly in the case 
of the artificial bonded soil and the Corinth Marl. 
The presence of cementation or bonding in rocks has been recognized for a long time. 
The possession of tensile strength, and of an unconfined strength higher than usual in soils are, 
perhaps, its most evident indications. For one particular type of rock, e.g. sandstone, the 
cementation between grains and the grain size and packing pattern influences markedly the 
rock strength and stiffness (Brady & Brown, 1985). 
Bonded soils, on the other hand, have for the most part been treated as special cases 
because they do not fit the classical model of behaviour developed for sands and sedimentary 
clays. In such models the soil void ratio and previous stress history alone are considered to 
control their behaviour. However, it will be shown that bonded soils can surpass these 
predictions. 
A review of the literature shows that bonding or cementation is more common than is 
usually anticipated presenting itself in a large range of materiais, i.e., soft clays, sands, residual 
soils and soft rocks. The recognition of the similarities in behaviour between these materiais 
was made in a comprehensive paper by Leroueil & Vaughan (1990). In it the authors 
described the combined effect of grain arrangement and bonding as structure. This structure 
can be destroyed by remoulding the soil, which typically affects the strength and the behaviour 
during one-dimensional consolidation. An example of such a remoulding effect for two clays is 
shown in Fig. 2.1. lt was also observed that the clays had a yield curve associated with their 
structure which is centred more or Jess around the stress path for one-dimensional consolidation 
(o r K 0 Jine ). 
The influence of the bonding is made very clear when the void ratio is high. This was 
the case for a weak volcanic mudstone from Japan (Ohtsuki et ai., 1984). lts initial void ratio 
was 1.40 and the "apparent" pre-consolidation pressure was 5 MPa. Triaxial test results 
obtained in this mudstone are presented in Fig. 2.2(a) and (b) and the yield points are shown 
in (c). The yield curve obtained indicates a degree of anisotropy. 
A number of soft rocks also show yield when loaded above certain stress leveis. The 
Joading of a silo in chalk (Burland & Baylis, 1989) showed a marked yield in the plot of 
applied pressure at the surface versus deformation (Fig. 2.3). 
Another large group of materiais which present structure is residual soils. They are 
widespread in areas of high rainfall and high average annual temperatures, often being present 
in Jayers of varying thickness in tropical and su~tropical areas. These soils are the product of 
in-situ weathering which tends to reduce their density while still retaining some of the original 
structure of the parent rock . More advanced weathering may recement this soil in laterites. 
Their general behaviour is similar in many cases presenting a strong influence of the bonding. 
No relation seems to exist between the virtual pre-consolidation pressure 1 and stress history or 
void ratio. Both soils will be examined here under the loose term of residual soils. 
Vargas ( l 953) already recognized the influence of structure in residual soils and 
suggested that the one-dimensional test on the intact sample compared with the remoulded soil 
would give the results of Fig. 2.4 . 
This sketch fi ts well to the data obtained by Wesley (1974) on a residual soil from Java 
(Fig. 2.5). The undisturbed soil is initially stiffer than the remoulded one and it can maintain 
much larger pressures than the remoulded soil for the same void ratios. 
1The use of the word apparent, or "virtual" as proposed by Vargas (1953), refers to thl' 
effect of bonding while the usual definition refers to the maximum vertical pressure which 
acted upon the soil in the past. 
4 
Residual soils sbow yield surfaces associated with their structure. Yield surfaces from 
tbree residual soils are presented in Fig. 2.6. They were obtained from a number of tests and 
represent a range of materiais: a volcanic agglomerate from the Canary Islands (Uriel & 
Serrano, 1973); a residual soil from gneiss, Brazil (Sandroni, 1981) and a residual soil from 
basalt, Mauritius (Maccarini, 1987). The yield curves defined for each are centred on the 
isotropic line, indicating an isotropic structure. 
Leroueil & Vaughan (1990) used most of these examples to show that the bonded 
materiais have many similarities. In particular they show the dose comparison that can be 
made between a triaxial test on a soft clay (Saint-Vallier clay) and one on a soft carbonate 
rock (oolitic limestone, Bath stone, e=0.23 to 0.37, uc=23 MPa, Elliott & Brown, 1985) (see 
Fig. 2. 7). Ali tests were drained compression following isotropic consolidation. At low 
confining pressures the failure is abrupt and the peak strength is due to structure and coincides 
with yield. The materiais are brittle and dilatant but the dilatancy occurs only after the peak 
strength had been reached. For high confining pressures the material is stiff until the yield is 
reached. This yield is well below the stress levei which the samples can withstand without 
failure. The maximum stress requires a large axial deformation associated with large 
volumetric compression of the sample. 
Another aspect emphasized by Leroueil & Vaughan (1990) relates to the behaviour of 
structured materiais when loaded in one-dimensional compression (K0). The stress-paths 
resulting from such tests in four structured materiais are reproduced in Fig. 2.8. The set again 
includes a soft clay, and two rocks in addition to the artificial soil developed by Maccarini 
(1987) and used in this thesis. The stress-paths show an initial steep phase which approaches 
the failure envelopes defined for each material. The yield then occurs, the compressibility 
increases and the stress path changes direction. 
~ ,r 
In a study of chalk samples from various sites in England, Ledra ( 1990) performed one-
dimensional tests on samples with different initial void ratios. The stress paths of tests in 
three samples are shown in Fig. 2.9(a) and the respective compression curves in Fig. 2.9(b). 
5 
The general format of the stress-paths is again similar to that obtained in othcr bondcd 
materiais. The curves tend to Approach A unique stress-ratio at high stresses [Fig. 2.9(a)] and 
the yield point is associated with the start of IArger compressions. The data also indicates 
clearly that the yield stress increases with increasing density and that the void ratio - effective 
stress curves tend to a unique !inc. This dependence of the yield stress on the initial void ratio 
was well established in chalk with results obtained by Jones and his co-workers (Fig. 2.10 , 
Jones & Preston, 1987). 
Goldsmith (1989) presented another example of the yield in K0 compression tests and 
its influence on the structure. Testing sandstones (in K0 tests) he measured the vertical 
permeability of the sample At different stress leveis. Bis results showed once more the same 
stress path trends. The permeability measurements indicated a considerable change once the 
yield stress had been reached (Fig. 2.11 ). 
Using these observations About the yield stress Leroueil & Vaughan (1990) proposed 
that the yield curve may be divided into three zones (see Fig. 2.12). The yield can be caused 
by shearing when the failure envelope and the yield coincide at low confining stresscs ( tcst 1, 
Fig. 2.7); A compression yield will be caused when the value of average stress s' equalizes the 
structure admissible levei, i.e., the stress levei that the soil can only sustain because of bonding. 
as bappens with a triaxial test at high confining pressure (test 3, Fig. 2.7); the swelling of 
expansive minerais when effective stress is reduced may cause enough volumetric strain to 
cause yield of a bonded structure. The latter has been shown to occur in the heavily over-
consolidated London Clay when allowed to swell to isotropic pressures below 2i5 kPa (\\"ebb. 
1966; Leroueil & Vaughan, 1990). 
The complete yield curve represented in Fig. 2.12 may not be present in ali soils and the 
orientation and shape of it may change. The swelling yield may not be prescnt in some 
materiais if their swelling is not large enough to break the bonds. The yield curve may ha\'e 
different shapes and a prismatic example was found on Labrador Clay by Sangrey ( 19i:2) (scc 
Fig. 2.13). 
6 
The destruction of the bonded structure requires considerable straining and is not 
achieved immediately after the main yield. The progressive loss of tensile strength on samples 
loaded to different strains was studied by Maccarini {1987) for the artificial soil (Fig. 2.14). 
Around 5% volumetric strain was necessary to destroy the available tensile strength of that 
soil. 
A natural cause of loss of structure, as defined by Leroueil & Vaughan (1990), is 
weathering. Chemical weathering can reduce the material strength and increase its 
compressibility. Typical examples are given by Chandler {1969) and Kimmance (1988). The 
latter author carried out a comprehensive testing programme of the weathered granites from 
which the white kaolin known as China Clay is produced. The strength envelopes obtained 
from direct shear tests on materiais with different degrees of weathering are shown in Fig. 2.15. 
He obtained a good correlation between the strength parameters and mineralogical índices that 
indicated the degree of rock weathering. 
The existence of bonding can be verified by the use of tensile tests. They have been 
made in a number of the materiais described here and the value of tensile strength is usually 
relatively small. The artificial soil had tensile strengths of 2.8 kPa (e=1.6) and 5 kPa (e=l.2) 
when tested saturated in diametrical compression (Maccarini, 1987). Drained tensile tests clone 
on the Labrador Clay showed values of 7 kPa (Sangrey, 1972). Bishop and Garga (1969) 
measured values of 26-33 kPa in drained extension tests on London Clay and these values agree 
with the strength envelope obtained from compression tests (Fig. 2.16) on similar samples. In 
the same figure they also show the effect of remoulding in the behaviour of the day m 
compression tests. 
Small values of tensile strength can produce small cohesion intercepts (c') on the failurc 
envelopes of the materiais. This has a great influence on the stability of slopes as can be seen 
in Fig. 2.17 (Vaughan, 1988). This is supported by field evidence of steep slopes (sometimcs 
vertical) cut in tropical soil that could be described as a clay (Wallace, 1973 among others). 
In order to classify the residual soils according to their compression potential, Vaughan 
7 
(1988) introduced the definition of relative void ratio, e R , as 
where the soil natural void ratio (e) is compared with the void ratio at the plastic Jimit using 
the maximum soil density obtained from a standard compaction test (eoPT ), as a datum. 
Examples are given in his paper showing that for high relative void ratios the soil 
c:ompressibility is high , wherea.s if the value is negative (natural void ratio is smaller than at 
its plastic Jimit), the compressibility is quite small (Fig. 2.18). 
The general soil behaviour can be studied with results of one-dimensional tests in 
natural and remoulded samples (Fig. 2.19(a), Vaughan , 1988). The one-dimensional 
compression Jine of the remoulded soil will generally be parallel to the criticai state line. Zones 
1, 2 and 3 are defined as void ratio - stress combinat ions at which soils will show different 
behaviours during further loading. In zone 1 the soils show a stiff behaviour and no tendency 
to liquify. If the soil is, however, in zone 3, the post-yield behaviour will be very compressible 
and large pore-pressures can be generated during undrained loading. Zone 2 represents an 
intermediate behaviour. An example of the use of such a plot is given in Fig. 2.19(b) for the 
artificial residual soil. Unconfined drained shear strengths are marked on the curves. The 
large variation of compressibility only happens in zone 3. The yield stress is also dependent of 
the void ratio of the sample. 
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Figure 2.12 - Schematic :wnes of yield of structured soils (after Leroueil & Vaughan, 1990) 
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3. MEASUREMENT OF SMALL AXIAL STRAINS IN THE TRIAXIAL TEST 
3.1 INTROD UCTION 
In the past. t.en years some work has been carried out in measuring accurately small 
axial strains (say, less than 0.5%) in the triaxial test. Most of this work has been done at 
Imperial College. The experimental evidence seems to indicate that large errors occur when the 
classical determination of axial strain is made. This procedure uses the displacement of 
loading ram measured externally. The author has tried to determine what are the causes of 
such errors. Different experimental arrangements were used and different soils were tested. 
The results and conclusions are presented here. Some of the tests will be discussed only in 
terms of their stress-strain curves; later on they will be referred to in relation to other test.s 
using the same material. This chapter condenses the work of severa} months and overlaps 
informat.ion given in ot.her chapters which follow a chronological order. A paper was submittcd 
in 1989 to the Geotechnical Testing Journal, ASTM, based on this subject. 
Three materiais were used in the tests: the artificial soil described m this thesis, 
remoulded reconsolidated London Clay and a soft rock (marl) from t.he Corinth Canal region, 
Greece. 
Ali of the tests were performed on samples 38 mm diameter by 76 mm height and ali 
were triaxial compression tests start.ing from isotropic conditions. 
Three kinds of local transducers were used: the electrolytic device described by Burland 
and Symes (1982); a similar mechanical arrangement but with a strain gauged scnsitive 
pendulum (Ackerley et ai., 1987); and the device based on the Hall effect (Ciaywn and 
Katrush, 1986). 
3.2 SUMMARY OF PREVIOUS WORK 
The use of transducers fixed directly to the sample to measure deformations has for 
some time been a common technique in rocks and structural materiais (e.g. steel and concrete). 
In soils, however, this technique has been applied only for the last 15 years. Brown and Smith 
(1974) described lhe use of local instrumentation on samples of asphalt. 
Daramola (1978) used two small linear variable displacement transducers (LVDT) 
measuring between the pedestal and different positions on sand samples. He used thesc 
measurements to calculate strains over different lengths of the sample (Fig. 3.I(b)]. The results 
show large differences between the strains determined using the local t ransducers at the middle 
portion and the strains determined from externai measurements [Fig. 3.1(a)]. Comparing the 
externai and the central strains he noticed that the errors were smaller on denser samples 
although there was significant scatter betw~n tests. Higher isotropic consolidation stresses did 
not produce any appreciable reduction in the average errors. Initial errors at about 0.1<.7< of 
strain could be as high as 90% (i.e. the externai me<lSurement being 0.19%) and "probably not 
less than 30%". 
There was, however, a substantial reduction in the a ver age errors for anisotropically 
consolidated tests. In some cases, the average error at 0.1% strain "was almost negligible., 
(Daramola, 1978, pp 144-145). The axial strains in the middle of the sample were used as the 
reference to calculate errors. 
Costa Filho (1980) carried out a series of tests on undisturbed London Clay, using three 
similar local transducers. The positions of the pins are shown in Fig. 3.2(b) and his results in 
Fig. 3.2(a). 
In a paper published )ater (Costa Filho, 1985) he made a comprehensive review of the 
available literature and a summary of his own results. The main conclusion was that 
significant errors were involved in computing small strains by conventional tcchniques. Ih· 
observed that in London Clay and sands the overall strains (ca in Fig. 3.2(b)] are affectcd by 
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the large displacements at the top of the sample while little or no bedding errors were observed 
at the bottom. However, generally, bedding was the main factor contributing to error (the 
same opinion has been expressed by Daramola and Vaughan, 1982). 
A summary of previous results and additional tests on soft rocks (Upper Chalk) and 
reconstituted clay from the North Sea was presented by Jardine, Symes and Burland (1984). 
They extended the range of small strains down to 0.001%, using local transducers developed at 
Imperial College (Burland and Symes, 1982). A consistent set of axial contours were 
determined in special tests (Fig. 3.3). The axial strains obtained from the externai 
measurements were sometimes an order of magnitude larger than the local ones, causing large 
differences in the calculated stiffness. 
These studies have proved the great. importance of using local strain transducers in order 
to obtain reliable soil parameters, especially stiffness. This work explained much of the 
apparent disparity between field behaviour and laboratory tests (Costa Filho and Vaughan , 
1980; Jardine and Potts, 1988). 
3.3 TRE USE OF EXTERNAL MEASUREMENTS OF STRAIN 
Although the results presented above seem to prove beyond doubt the difference between 
local and externai measurements, the local measurements are only now being used in general 
commercial testing rather than just in research institutions. Most test results reported in the 
literature were obtained using the conventional externai measurements of strain. In residual 
soil there is little precise data. Not surprisingly, large differences are reported between the in-
situ and laboratory stiffness values (Lacerda, 1985 ; Sandroni, 1985). 
Fig. 3.4 is an attempt to summarize the components which comprise the total externai 
displacement from which the externai sample strain is calculated in conventional triaxial 
equipment. The reference points for the displacement transducer readings are also shown. The 
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transducer is normally flxed directly onto a rigid beam connected to the loading ram and 
measures displacements relative to the pedestal. 
3.3.1 Equipment deflection 
This is the most obvious source of extraneous displacements. Although undesirable, it is 
relatively simple to take into account through careful calibration. The equipment deflection 
includes ali displacements developed between the two reference points of the externai 
measurements when a very stiff dummy sample {brass) is loaded. Therefore, it includes the 
deformation of loa.d cell, top cap and porous stones at a specified effective confining stress. 
The accuracy with which this can be dane may be illustrated by some of the author's 
data. In the first attempt filter paper discs were incorporated as usual. Two confining 
pressures were employed and the calibration was carried out. Fig. 3.5 shows the results of the 
calibrations under different confining pressures (deviator stress, q, in the vertical axis as usual). 
The results show quite clearly that it is very difficult to use such measurements as a correction 
due to hysteresis and the large effect of the applied effective stress. 
As the artificial soil is quite permeable (k=l0- 6m/s) and does not tend to clog the 
porous stones, the filter papers are not necessary. So, new calibrations were carried out 
without them. The results obtained were very much improved. A comparison between the 
apparent strains measured when using filter paper and when calibrating without is shown in 
Fig. 3.6 (confining pressure of 60 kPa). Various calibrations were clone with different confining 
stresses and the results were similar. Without filter paper the hysteresis was considerably 
reduced and the calibrations obtained were very much closer. The calibration curves had 
similar shapes with smooth curvature at small loads. The system as a whole has a tendency to 
become stiffer as the confining pressure increases due to the decreasing compressibility of the 
porous stones. 
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3.3.2 Other sources of spurious deformation 
The remova) of the filter paper considerably reduced the spurious deformation. 
However, the results obtained from soil tests were still poor. Two factors caused this: one is 
the true bedding that exists at the interface of the porous stone and soil; the other is described 
as follows. 
The difficulties involved in obtaining perfectly parallel and horizontal ends on soil 
samples are well known. Even when ideal initial conditions are approached during the initial 
set-up, isotropic consolidation can cause distortion due to non-homogeneity within the sample. 
The assumption of a perfect right cylindrical sample becomes inaccurate. For this reason, 
when loading starts the sample may develop a stress concentration at the corner in contact 
with the flat load cell (Fig. 3. 7, case 1 ). The magnitude o f this concentration will be a 
function of the stiffness and brittleness of the sample as well as of the magnitude of the non-
parallelism itself, and it may influence the test results. The calculated stress-strain curve 
considering the sample deformation as a whole will be concave upwards initially, and localized 
failure may even occur as the localized stress concentrations are redistributed. lt is not 
surprising that tilting of the sample can occur as was shown by Jardine, Brooks and Smith 
(1985) in soft rock tests. These initially concave stress-strain curves are familiar to soil 
engineers and are found even when the equipment deflection is taken into account. 
3.3.3 The propoeed externai measurements 
During the experimental investigation of the artificial soil it was discovered that the 
material has a degree of brittleness and sensitivity to stress concentration (see Chapter 4 and 
Bressani and Vaughan, 1989). lt is important to achieve uniform stress conditions in the test. 
Attempts were made to improve the end conditions by using materiais Jike plaster of Paris or 
resins without success. 
A simple mechanical arrangement was tried with satisfactory results. lt comprises a 
combination of a loading button (half-sphere) attached to the load cell and a flat top cap on 
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the sample. The load is then applied at one point and the resulting distribution of stress is 
very much improved , although some degree of non-axiallity may still persist. The stress-strain 
curve obtained is also improved (Fig. 3. 7, case 2). 
The mechanical arrangement used is represented in Fig. 3.8(a). Such geometry causes 
very little friction due to lateral contact between the loading button and the top cap and it 
does constrain the tilting of the top cap during the !ater stages of the tests, while always 
providing a unique vertical contact point. This unique point of loading is its main 
characteristic. 
An arrangement which is widely used with poor resu lts is a similar loading button 
acting against a top cap with a spherical seating. The exact alignment of the two pieces is 
unlikely to occur thus causing some adjusting movements during loading which are attributed 
to soil deformation. 
Although the filter paper was eliminated from t he artificial soil tests, in other soils this 
cannot be done easily. However in such soils (clays especially), it can be positioned out of the 
influénce of the vert ical loading. For the tests on clay samples the pore pressure was 
hydraulically connected to the measuring system through the pedestal with the arrangement 
shown in Fig. 3.8(b). The porous stone had one of its surfaces made impervious and a strip of 
filter paper around its border provided the hydraulic bridge to the soil. A polished resin 
coating (Araldite) was used to waterproof the upper porous stone surface. This introduced 
some degree of radial drainage but the pore pressure measurements so obtained do not seem to 
have been affected by the arrangement (see item 3.4.2). 
Externai measurements made during tests in which (a) the spherical loading button is 
used; ( b) the use of filter paper between the sample and the loading surfaces is avoided, and 
(c) the load cell deflection is taken in to account will be referred to here as "proposed externai 
measurements" as opposed to conventional externai measurements where only the load cell 
corrections (if any) are applied and a flat load cell is used. 
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3.4 COMPARA TIVE TEST RESULTS 
In order to determine the quality of the strains obtained from the proposed externai 
measurements, a number of tests were performed in which local strain transducers were used. 
In most of the tests two types of transducer were used at once (four transducers in total ) which 
created a good opportunity to compare their performance. 
3.4.1 Artificial soil 
Results of a drained triaxial compression test with isotropic consolidation lo 160 kPa are 
plotted in Fig. 3.9. The axial stress-strain curves obtained with the electro-levels and Hall 
effect local transducers are compared with those obtained using the proposed externai strain 
measurements. There is no significant difference between the strains calculated from the two 
kinds of local transducers. The proposed externai strain curve is surprisingly close up to, say, 
0.02%. Using such curves the values of stiffness at deviator stresses of 50 and 100 kPa (30 and 
60% of the peak stress for this sample) are 111 and 67 MPa, local strains, and 70 and 38 MPa, 
proposed externai strain. The proposed externai measurements underestimate the true values 
by 63% and 57%. 
Altbough these values are not yet satisfactory they represent a considerable 
improvement in relation to the conventional externai measurements. The results of three other 
tests in which the strains were calculated from conventional measurements are plotted in the 
same figure. The same soil was used and the initial isotropic effective stress was 100 kPa. The 
difference is striking. The stiffnesses calculated at the same deviator stress leveis are 10-30% of 
the values calculated using local strain measurements (12-20 MPa and 16-20 MPa). 
The traditional form of strain determination tends to grossly over-estimate the strains 
at the beginning of loading in sharp contrast with the proposed externai measurements. Note 
that in these conventional tests the load-cell deflection was taken into account in the 
calculations and no filter paper was used. The main cause of error is the tilting of thc top cap. 
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Other tests were performed with different initial effective confining stresses and different 
soil strengths. In some tests the results were even more promising (Fig. 3.10) but the general 
pattern remained the same; agreement between local and proposed externai strains up to some 
levei of strain after which they start to diverge. 
In order to see if the same behaviour would occur in different soils, and also to check the 
possible influence of the connections between the local transducers and the sample, fur ther tests 
were made with London Clay and Corinth Marl. 
3.4.2 R.emoulded reconsolidated London Clay 
Four samples of remoulded London Clay were tested in undrained compression. T he 
material was obtained from a depth of 10 m in a borehole at Imperial College. lt was 
thoroughly remoulded and shaped into cylinders. Each sample was then isotropically 
consolidated to 330 kPa effective stress. After the consolidation, the samples were taken from 
the cell, weighed, measured and reassembled with four local transducers attached to them. 
The method of attachment of the transducers reference points, or pads, varied for each case. 
In one case the eight pads of the local transducers were pinned to the sample through the 
membrane using 16 pins (each 8 mm long and 0.8 mm diameter). In other cases the pads were 
simply glued on to the membrane or only the top pads of one pair of local transducers werc 
pinned. In ali of the tests the upper pads were held against the sample with the use of a 
membrane strip about 5-8 mm wide put over them. 
The use of pins proved inconvenient due to the occurrence of leaks in some tests. As the 
type of connection between the pads and the sample did not show any influence on the results 
of these London Clay samples their effect will not be discussed further . 
The complete stress-strain curves of the tests using the local measurements are giwn in 
Fig. 3.11 and their effective stress-paths are shown in Fig. 3.12. The initial suction varicd 
between the individual tests reducing the initial mean stress from the 330 kPa applicd during 
consolidation to val ues in the range 160 to 210 kPa dueto handling during reassembly. 
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Most of the tests were sheared at a rate of externa) displacement of 0.15 mm/h 
(0.2%/h). To check the accuracy of the pore pressure obtained through the new filter paper 
arrangement the strain rates were varied in some tests (see Table 3.1). These variations in rate 
did not affect the form of the stress paths (Fig. 3.12), this indicates a high degree of 
equalization and proper functioning of the modified filter paper arrangement. 
The verticality and smoothness of the stress-paths may be a consequence of the stress 
uniformity induced in the samples by the loading arrangement. 
The stress-strain curves of two tests are plotted in Fig. 3.13 to a much enlarged scale. 
On test (3) the strains determined from both pairs of local devices are in such good agreement 
that the curve plotted represents both accurately. The strains calculated using the proposed 
externai measurements are also plotted and they show a very satisfactory agreement with the 
others. 
The 5train origin of test (2) has been shifted for clarity but the scale is the same. There 
i6 an even better agreement between the local and proposed externai strains. Unfortunately, in 
thi6 test the output of one pair of local measurement transducer5 was not reliable (one 
transducer was out of range) and 50 only one pair is represented. Although there is some 
scatter in the local strains the agreement between the two measurements is well illustrated. 
The results of the other tests are not so straightforward to interpret. Test ( 4) had a 
small leakage and quite large bulging developed in the top 20 mm of the sample at !ater 
stages. Such deformation was not measured by local transducers as their reference points were 
below that levei. 
In ali of the tests the strains calculated from the different measurements were dose to 
each other. To quantify their differences a plot was prepared of secant stiffness, obtained from 
each individual strain, against q (Fig. 3.14). Such a plot highlights any difference between thc 
strains, especially at small values of q, and 50 must be used with caution. The stiffness curves 
from the local measurements were plotted directly from the computer calculated results with 
minimum manipulation. The externai strain stiffnesses were calculated from the stress-strain 
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curves by adopting a best fit line to define the origin so introducing some degree of judgement 
to tbeir values. 
Tbe secant stiffnesses are tabulated in Table 3.2 using tbe stress leveis as reference. If 
the initial loads are ignored, the values obtained from the externai and local measurements are 
remarkably close. They are consistent between tests and have comparable magnitudes and 
scatter. 
3.4.3 Coriotb Marl 
Tbis aoft rock from the Corinth Canal region , Greece, was the subject of a cooperati ve 
researcb programme between the National Technical University of Athens and Imperial 
College. Tbe main characteristics of the material and the results of the testing programme are 
presented in Chapter 8. 
Stiffness values determined from two consolidated undrained tests carried out at 
Imperial College using local transducers and the proposed externai measurements are plotted 
against axial strain (log scale) in Fig. 3.15 (tests 2 and 3, initial isotropic effective confining 
pressure of 525 kPa). There is less than 25% difference between the stiffnesses calculated from 
the local and the proposed externai strains. 
Although such differences are not small, the results obtained from the proposed externai 
method are considerably better than those from traditional measurements. The dotted band in 
Fig. 3.15 represents the limits of results of three consolidated drained tests with conventional 
measurements on the same material collected from the same location (Anagnostopoulos, 1989). 
The confining pressures used were 500, 900 and 1200 kPa but the stiffnesses only represent a 
fraction of the values obtained with the local transducers in tests (2) and (3). 
The general trend of the two tests presented here was also found m othcr tests. 
Although the material is fine grained and the finishing of the ends seemed quite good, tht' 
technique described is pushed to its limits in such stiff material. The deflection correct ion 
that has to be made at the load leveis used in these tests is large; nevertheless, the impro\'cd 
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results obtained from the proposed externai method compared with the conventional one, in 
such a demanding situation, makes its usefulness quite clear. 
3.5 COMMENTS ON TBE EXPERIMENTAL PROCEDURES 
For tests with the artificial soil some support should be provided for the local 
transducers or, alternatively, suction should be applied to the sample during its assembly. 
Failure to do so causes the membrane to sag locally under the weight of the transducer. The 
resulting membrane convolution remains even under quite large effective confining pressures 
and the local measurements are not reliable (preliminary tests). This type of problem was also 
encountered by Maccarini (1987). Most of the tests presented in this thesis had some form of 
support for the upper pads of tbe local t ransducers (normally a strip of membrane, sometimes 
suction applied before gluing them). The few preliminary tests that do not have this support 
are indicated. 
The correction of the system compliance was based on the loads observed during the 
test. Difficulties in defining a precise zero load associated with zero deflection led to the choice 
of a load of 4N as reference. In most tests this represented quite a small load and 
extrapolation back to zero did not present difficulties. 
Although most of the tests were performed in a conventional strain controlled triaxial 
cell, similar results were also obtained from tests in a stress path cell as described by Bishop 
and Wesley (1975). However, the top reference point for externai measurements was fixed on 
the load cell ram instead of the top cell plate. The reason for this is that the threads betwcen 
load cell and top plate can have relative movement under certain conditions (Ninis, 1988). 
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3.6 CONCLUSIONS 
The results presented contradict the modern idea that axial strain determined from 
externai measurements are inherently wrong. In fact , in some respects, the measurements are 
remarkably precise. A better understanding of the problems referred to in past works such as 
bedding and differences in the strains measured at the top and bottom thirds of a soil sampl~ 
(Costa Filho, 1980; Daramola, 1978) has been achieved. 
The proposed externai measurement technique described involves some small mechanical 
modifications, calibrations of the loading system compliance (including ali pieces involved in a 
normal test), and careful preparation of the sample end surfaces. Although the technique is 
reliable for clays, some errors arose with materiais that have a rough surface or that were quite 
stiff (Esec of the order of 1 GPa). The general results, however, are encouraging. 
The influence of true bedding in some materiais is still important (e.g. artificial soil) but 
the most significant factor Jeading to errors is the tilting of the top cap due to its misalignment 
in relation to the loading ram/load cell. The true bedding referred here is the deformation due 
to non-uniform contacts between the loading surface (usually the porous stone) and the soil 
sample. lt is more likely to occur in soils in which the surface is rough and in situations where 
the stress leveis are not large enough to smooth the irregularities by compression. 
Ali of the tests were performed in triaxial compression, drained or undrained. The 
conclusions may well apply to extension tests as well provided that a reliable mechanical 
contact between loading ram and top cap is found. 
Three different types of local transducers were used in the tests, with different 
operational principies involved: electro-level (Burland and Symes, 1982), pcndulum with 
strain-gages (Ackerley, Hellings and Jardine, 1987) and Hall effect (Ciayton and hatrush. 
1986). The use of different types of local transducers simultaneously on the same sample 
allowed a direct comparison of their performance under a variety of situations. Except for 
cases in which non-uniformity of strains or shear planes were present, ali thrcc typcs of 
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transducers used in the tests gave very similar measurements of axial displacements m soil 
samples. 
The connections of the local transducers to the sample (pinned through the membrane 
or just glued to it) did not have any influence on the results of tests on clay samples. On 
coarse sandy samples in which the initial effective stresses are zero (e.g., artificial soil) some 
form of support to the transducers should be provided initially. If possible, suction should bc 
applied to the sample before gluing the pads. Failure to do so may lead to incorrect 
measurements due to membrane convolution. 
The main advantage of the procedure described here is to provide a simple, inexpensive 
and ready-to-use alternative method of determining axial strain which would considerably 
improve the quality of test results obtained from most of the worlds soil laboratories. 
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Test WC p~ Rates 
(%) (kPa) (0.034%/h) (0.2%/h) (1%/h) 
1 32.2 210 o- 0.45 
0.45-3.4 
2 33.3 159 o- 0.65 
0.65- 2.2 
2.2- end 
3 32.2 175 O- end 
4 30.7 194 o- 0.09 0.09- end 
Table 3.1 - London Clay tests - initial water contents, suction measured before 
shearing and tbe rates applied to tbe tests (strain limits of each rate) 
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Undrained stiffness - Eusec (MPa) 
Test q 
(kPa) 
1 30 
50 
70 
2 30 
50 
70 
3 30 
50 
70 
4 30 
50 
70 
Local transducer 
A 
44 
27 
21 
50 
38 
26 
61 
38 
22 
Local transducer 
B 
60 
36 
25 
35(o) 
19(o) 
15(o) 
70 
45 
32 
59 
37 
22 
Externai transducer 
60 
31 
19 
67 
31 
23 
75 
44 
29 
61 
31 
18 
(a) Only one transducer working properly 
Table 3.2 - Rcconsolidated remoulded London Clay tests - comparison 
bctween tbe stiffnesses derived from different measurements 
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Figure 3.1 - (a) Results of triaxial tests on sand obtaincd by Daramola ( 19i8). Sampk· 1 i 
was overconsolidatcd (OCR=7; e=0.66) and samplc 11 was normally 
consolidatcd (c=0.60), both sheared at u~=lOOkPa; (b) Schrmatic rrprrsrntation 
of refcrcncc points and lengths used for strain calculations 
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Figure 3.3 - Axial strain contours obtaincd from local mcasuremcnts on J\ 0 rcconsolidnt l'd 
clays from the North Sca (aft<'r J ardine ct ai. , 1984) 
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c 
c 
a 
b 
d 
d 
~ : total relative displacement measured externally 
a: d e flection of loading equipment 
b: tilting of the top cap due to non - parallelism 
c: deflection of porous stone , top cap and filter paper 
d: bedding 
Figure 3.4 - Possible sou rccs of crror in thr externai nh•asurrmrnt s of axial strain 
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Figu re 3.5 - Deviator strcss versus apparent st.rain curv<>s obtain<>d from t.cst ing a brél~~ 
dummy sample with filtcr papcr discs and porous stoncs 
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withoul filtcr pap<'r. (For O'v-uH=IOO kJ>a , F=ll3 t\: appart•nt strain=O.J'k 
displaccmcnt=O.Oi6 mm) 
4G 
t, 
I\ 
: }, ,... .,. 
I I I I 'l ' I I \ I ,......,. 
tb±b ~r~· A A' 
\ I r- ,....,. r- ..,., \ I 
I I I I ;-;i I I .,... )' , I ti±tE JúJ' tfutj B B' I 
(1) I (2) I 
stress ( 2 ) 
( 1 ) 
axial strain (%) 
Figure 3. 7 - Likcly strcss d istri butions in a samplc and associatcd stress versus apparcnt si r a in 
curves resulting from two different loading procedures 
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Figurt' 3.8 - (a) Top cap and loading button us<'d in most of th<' I<'Sis; (b) ,\ rrang<'llH'ttt u"''d 
to a\'oid thc infht<'llC<' of filtcr papcr on thc \'<'rtical displar<'llh'nt 
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Figure 3.9 - Rcsults of triaxial compression tests on four samplcs of artificial residual soil 
(u~=100 kPa and 160 kPa, e0=1. 4) 
49 

-~ , 
\ 
\ 
\ >-< 
\ 
....J 
u 
z 
o 
a 
z ~\----l o ....J 
\ \ 
\ 
\ ~ \ \ -, 
\ \ \ \ \ 
\ 
- \\ ~ ro " ·~ Cl. 
'-'' ..:::c. 
"' 
-
............ ~-
o- ..._~ 
o o o o o Ln o Ln N .- .-
Figure 3.11 - Complete stress-strain curves of London Clay tests (basrd on 
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51 
C! 
(.('1 
Ln 
~ 
o 
~ 
Ln 
tT'i 
o 
tT'i 
U"1 
N 
-
'::12. o 
-
o c 
N ro 
L 
~ 
t/) 
Ln 
...,: 
-ro 
X 
ro 
o 
...,: 
Ln 
c::i 
o 
-ro 
o- CL 
..X: 
-
o o 
o LO 
N ....-
' .. -.. _________ ----:-:::::... 
N -----------------
o o 
o LO 
....-
o 
o 
..-
o 
"" 
Figure 3.12 - Stress paths of London Clay tests using modifil·J filtl·r papl'T arrnngl'llll' lll 
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Figure 3.14 - (cont.) (c) tcst (4) 
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from local (I) and proposcd externai (t') mcasurcnwnt s 
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4. ARTIFICIAL BONDED SOIL - INITIAL STUDIES 
4.1 INTRODUCTJON 
An artificial soil has been developed to help investigate the influence of bonding 
strength, void ratio or density and to some extent particle composition. The ability to 
reproduce these characteristics in any number of identical samples gives the researcher the 
capability to investigate the influence of factors such as stress path and stress history in 
addition to the previous factors. 
The subject of artificial bonded soil bas been divided into two chapters. In this chapter 
the constituent materiais and the procedure for making the artificial soil are described, and the 
influence of creep and test technique are then investigated. Once these studies were complete 
and conclusions drawn, tbe main investigation was carried out as detailed in Chapter 5. 
4.2 PREPARATION OF BONDED SAMPLES 
4.2.1 Materials 
Analysis of the structure of residual soil shows tbat weathering produces typically a 
structure composed of quartz and weaker grains bonded together by products of other 
decomposed minerais. The results of tests on trial mixtures indicated that reasonably realistic 
behaviour (compared to natural residual soils) could be obtained with a mixture called 133057 
(Maccarini, 1987). This form of identification bas been retained here for consistency. The 
code represents the partia) percentages in dry weight of three components: 13% of kaolin, 30% 
of weak sand grains (CFK) and 57% of quartz sand grains. The quartz sand is a uniform 
medi um grained sand (Fig. 4.1) commercially available. The CFK stands for crushed fircd 
kaolin and is obtained by heating a previously dried paste of kaolin in a kiln. The tempcrature 
is maintained at lOOO'C for 5 hours. After switching off the power, the new hardened material 
is left to cool inside the closed kiln overnight. When cool, the hardened kaolin (now 
transformed in to methakaolin - Grim, 1962) is crushed in a mortar or mechanical grinder. 
Sieving was carried out to obtain the same grading as the quartz sand. 
4.2.2 Mixing 
The required quantities (by dry weight) of the two sands was put in a bowl togethcr 
with the dry powdered kaolin. After the dry components were thoroughly mixed, water was 
added. The amount. of water influences to some extent. t.he final void ratio but enough has to 
be used to assure that the kaolin is completely wet and that a Jiquid mixture is obtained. 
4.2.3 Moulding 
The wet mixture was poured into paper moulds to dry so that cylindrical samples closc 
to the final geometry could be obtained (Fig. 4.2). These paper moulds were prepared from 
aheets of normal filter paper (Whatman No. 1 ). One rectangular piece was cut to the required 
length and width [Fig. 4.2(a)). Three thin strips of paper (5mm x 80mm) were glued by their 
extremities ont.o that piece as shown in the figure. 
A brass tube was used to prepare the moulds. The rectangular piece was wrapped 
around it with the strips inside. The overlapping side was glued forming a paper tube. The 
bottom was prepared using a circular piece of paper in which a series of slits had been cut 
leaving a central area intact (Fig. 4.2(b )]. This central area formed the bottom of the paper 
mould. Having positioned the tube on the central area, the cuts could be neatly bént ovcr and 
glued onto the surface of the paper tube. The final mould looked like the sketch of Fig. 4.2(c). 
Once the constituents had been thoroughly mixed, the same brass tube was inserted into 
the paper moulds again. The closed bot.t.om was prot.ect.ed by placing it. in a small tin and the 
wet soil mixture was poured into the mould. The tube was inclined so that. the wet mixture 
slid down the side to avoid air being trapped. Once the brass tube was full it was positionc:d 
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vertically and pulled out of the mould. Normally it slid out without problems leaving thc 
mould standing inside the tin. The process was repeated usually for six to eight samples at a 
time, depending on the volume prepared. 
4.2.4 Drying 
The wet samples were allowed to dry exposed to air in the laboratory. After 2 to 3 days 
they were further dried for a day or so beneath a set of infra-red lamps. In drying, the samples 
reduced in volume. This shrinkage was more significant in the wetter samples. As thc 
material sbrunk, the paper mould was dragged with it. The paper strips had the effect of 
breaking the continuity of the paper skin, providing more uniformly shaped samples. 
4.2.5 Firing 
The dried samples could be handled without special precautions and the paper could be 
peeled off easily. Following the initial drying stages, the samples were loaded into the kiln and 
the temperature adjusted to soo·c. The kiln was left switched on for 5 hours and the samples 
Jeft inside to cool down overnight. In some special cases, samples were fired at 800"C for 
3 hours. 
4.2.i Control ef the void ratie 
The description given so far is valid for most of tbe soils discussed in this thesis or by 
Maccarini (1987). The variation in the relative percentage of the constituents produced 
different "soils" such as 130087 and 138700 with their own associated characteristics. To be 
able to vary the void ratio of a particular mixture over a large range, Maccarini used two 
methods. To densify the soil he vibrated the wet mixture inside the moulds and to reduce the 
density he added a special "sand" to the wet mixture. Such "sand" was produced from 
household candle wax to the same grading as the other two sands. The candles were chopped 
and sieved to obtain the required result. The firing of the samples at soo·c burnt away thc 
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wax leaving an open structure difficult to obtain by any method that involves pouring or 
sedimentation and drying of the wet mixture. 
The mixture of these four components was made as usual. Care bad to be taken so that 
not too much water is used as the wax will tend to float and segregate from the mixture. 
Careful and thorough mixing is essential. 
The burning of the wax produces a fair amount of smoke and so, usually, the wax was 
partly burnt in an open space before being put in the kiln. This was done using a pan half 
filled with quartz sand in which the dry samples were semi-buried; the pan was heated outside 
the building. The samples were occasionally turned over until most of the smoking had 
stopped. As the temperature at which the wax burns is around 200'C, any influence from this 
initial firing is likely to be masked by the higher temperature (500'C) used afterwards. 
If the same amount of water is used in the preparation, similar samples are obtained. 
Table 4.1 presents the proportions of the main constituents of the mixtures discussed in this 
thesis and the typical densities obtained. The density referred to in the table is that of the 
main materiais fired at 500'C for 5 hours. If other temperatures are used, the density changes 
to some degree. Table 4.2 summarizes the code naming of the different soil series used here. 
Further details about individual samples and their physical properties (void ratio, tensile 
strength, density , etc.) will be given in the sections where their results are discussed. 
4.3 SUMMARY OF PREVIOUS WORK 
Maccarini (1987) carried out a series of tests on samples with different densities and 
bonding strength. The main results, however, were obtained from the material 133057 fired at 
500'C for 5 hours. Three densities were used: that of the natural state and those obtained 
with vibration or wax addition. Ali samples were fu lly saturated, by boiling, before t.est ing. 
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4.3.1 lntergranular void ratio 
The void ratio has long been used in soil mechanics to compare different soils or the 
same soil under different conditions or with different structure. lt is basically a measure of the 
volume of voids inside the soil structure and it is assumed that this is related to the spatial 
arrangement of the grains. However, because the fired kaolin (CFK) is porous itself, the 
normal definition of void ratio would incorporate these internai voids so giving a much higher 
value than if the grains were solid. Its use may be misleading when comparing this artificial 
soil with other soils composed of solid particles as two different structures may have the same 
void ratio. 
These reasons led to the proposal of the intergranular void ratio (Maccarini, 1987) where 
only the space between grains is taken into account. The definition of intergranular void ratio 
is given by: 
where: 
V T = total volume of the sample 
V$ = the sum of the overall grain volumes, including the 
internai voids, i.e. 
= volume of quartz sand + volume of the CFK sand + volume 
of the bonding links 
Although this concept has some advantages, there would be difficulties in determining 
the internai voids of the grains for natural soils; typical values would have to be determined 
for the different grain mineralogies present in the soil. lt has therefore been decided to use the 
traditional definition in this thesis. The reader is therefore reminded that the high void ratio 
of some mixtures is partly caused by the intragranular voids. The same condition may occur 
in lateritic soils, calcareous sands, marls and other natural materiais. 
The relationship between the intergranular void . ratio and the conventional dcfinit.ion is 
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discussed in detail in Appendix 1 for ali variants of the artificial soil. 
4.3.2 Mechanical stability witb time 
The samples were prepared typically in bat.ches of six, following the procedures given in 
item 4.2. The variation in densities within a batch of samples could be maintained within 
±1% and the variation between bat.ches was ±2% (Maccarini , 1987). Therefore the 
simultaneous preparat ion of a large number of samples is preferable. However, the larger the 
number, tbe greater will be the time variation between the firing and the testing and this 
storage time could influence results. 
To investigate the effect of time, three samples were tested under isotropic compression. 
The samples had a similar preparation but one was tested 40 days after being fired and the 
other two after only one day. The results are presen ted in Fig. 4.3. As there is no significan t 
difference between the behaviour of the different samples, it has been assumed that the storagr 
time had no influence on the behaviour of the samples. 
During typical curing processes, such as for cement or lime reactions, the strength of thr 
material increases with the logarithm of time. The reactions are most active at the beginni ng 
and reduce considerably with time. It is unlikely that longer storage times will have any 
influence on the samples. 
4.3.3 lsotropic structure 
The form of preparat ion of the artificial soil (item 4.2) tends to produce a uniform 
s tructure. The stresses to which the soil is subjected are derived from (a) the suction due to 
the drying out, and (b) the contraction/expansion of the structure when the sample 1s 
heated/cooled. These processes are isot ropic and so a consequent isotropic behaviour is 
expected. Fig. 4.4 shows the resul t.s obtained from two samples of artificial soil when subj<'cted 
to isotropic stress. A radial strain belt was used and the axial strain was measur<'d with 
electro-level local strain sensors. One of the samples had frictionless ends and th<' other had 
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the usual porous stones. Maccarini (1987) concluded t hat (a) the soil h as an isotropic 
behaviour after 0.1% of axial strain and (b) that the use of frictionless ends was not necessary. 
4.3.4 Results from isotropic compression tests 
A number of samples were triaxially tested in isotropic compression to evaluate their 
stiffness and yield characteristics. The tests were divided in two groups. The first involved the 
use of standard equipment and the measurements of strain were based purely on the volume 
gauge readings. The tests were carried out by applying incrementai loadings. The second 
group of tests involved the use of more sophisticated equipment. The stress was increased at a 
constant rate (through the use of a manostat driven by a stepper motor). Local measurement 
of axial strain was achieved by using electro-level devices. 
The measured volume strain was influenced considerably by the effect of membrane 
penetration. The magnitude of volume strain arising from this penetration was evaluated with 
the use of the radial strain belt in some tests and a correction was applied to the samples of 
the first group. For the second set of tests the volume strain was calculated from the local 
measurements of axial strain assuming isot ropic behaviour (volumetric strain equal to three 
times axial strain). 
During the constant rate of stress increase tests two yield points were defined. The first 
yield was defined as the stress at which init ial deviation from near linear behaviour occurs. 
The second yield was defined by the point of maximum curvature of the stress strain curve. 
Fig. 4.5 has been redrawn from Fig. 4.3 of Maccarini (1987) and it shows the differences in 
behaviour between the two type of tests. The plot (a) of the figure contains the results of 
samples with strong bond (fired at 8oo·c) and plot ( b) the results of samples fired at soo·c. 
The arrows on tests of constant rate stress increase (CRSI) mark the two yields so defincd . 
In the analysis of the results, Maccarini (1987) concluded that: 
(a) pre-yield compressibility is much lowcr in thc CRSI than in incrcmcntalload tests; 
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( b) the major yield which occurs in the incrementai tests is much more severe and 
occurs ata much lower stress than the second yield which occurs in the CRSI tests. 
His conclusion was that the substantial differences between the compressibilities of 
similar samples (same porosity and bond strength) could not be explained by problems arising 
from test procedure or from the previously described corrections. The most likely factors 
causing such differences were assumed to be rate effects or creep. 
4.4 INITIAL STUDIES 
4.4.1 Testing equipment 
Two triaxial apparatus were used for the studies described in this thesis. One was a 
stress-path triaxial cell (Bishop and Wesley, 1975) with the cell and the ram pressures 
controlled by manostats connected to stepper motors. Electronic signals at a chosen frequency 
could make the motors turn the manostat either way, so increasing or decreasing thc air 
pressure between tbe limits of 25 to 800 kPa. This air pressure was transmitted to the water 
filled triaxial cell by using an air-water interface. The rate of stress increase or decrease could 
be varied between the limits of 210 kPafmin and 0.2 kPa/ min in steps of 0.2 kPa/ min and 
between the limits of 4.2 kPa/min and 0.004 kPa/min in steps of 0.004 kPa/min. 
The other t riaxial apparatus was a conventional constan t strain rate type (Bishop and 
Henkel, 1962) with loading by mechanical gears and pressures provided by mercury pots. This 
cell was !ater adapted for use with pressures of up to 3500 kPa (see Chapter 6). 
Both triaxial cells were equipped with an internai Joad cell and externai volume gauge of 
tbe Imperial College design. Displacements of the loading ram were measurcd by strain gaugc 
based displacement transducers. No local instrumentation of the sample was uscd for this 
phase. 
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4.4.2 Saturation and test set-up 
The samples were produced by the methods described in item 4.2. They were cut to the 
final dimensions for testing on a soil lathe, using a piece of taut wire on a steel arch. Thc 
surface was usually rough due to the coarse grains present but the overall shape was regular. 
Samples of 38 mm diameter and between 74 to 76 mm height were typical. The samples 
typically had Jess than 1% water content at this stage ( equilibrium with the laboratory 
condit ions). 
Ali of the tests were clone under fully saturated conditions so t hat the effect of bonding 
could be investigated in terms of effective stress. Use of back-pressure for saturation of soil 
samples is a well established procedure (Lowe and Johnson, 1960). However it is a time 
consuming process and it does limit the range of effective stress possible as, to be effective, 
back-pressure of the order of 300-400 kPa is necessary to be employed. 
Maccarini (1987) used saturation by boiling in most of bis tests. The sample was put 
into a bowl with distilled water and the water boiled for 20 min. This procedure achieved full 
saturation and it was unsuccessful only for the most dense samples where it caused spalling of 
the ends. 
Another method of saturation currently used for rocks, is the application of vacuum. 
The sample is submerged in water in an air-tight container which is subjected to an 
incrementai reduction in pressure. After the pressure has reached a minimum it is maintained 
for some time (usually overnight). The time period depends on the porosity, initial saturation , 
permeability and size of the sample. The pressure is then increased again to the atmospheric 
v alue. 
An attempt using this method was made with one sample of the artificial bonded soil. 
The result was disastrous: the expansion of the air bubbles inside it, caused by the reduction 
in pressure, led to the almost complete disintegration of lhe sample. A similar problcm was 
described by Carter et al. (1988) when working with calcarenite of North R.ankin oi) field in 
Australia. Clcarly, thc method could not be used as proposed. A modification of this 
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arrangement was tried and has been successfully used on ali of the tests: the dry vacuum 
method. 
Dry samples (usually two ata time) were placed inside an empty air-tight cell (Fig. 4.6) 
which was evacuated gradually to about 90% of full vacuum (700 mm Hg). After 10 to 15 
minutes tbe cell was slowly flooded with de-aired water from the base with the vacuum 
maintained throughout. The control of the inflow of water was achieved by the reduction in 
section of the tube at the water supply. The water was previously de-aired by boiling. Failure 
to do this caused it to cavitate when entering the vacuum cell which resulted in unwanted 
oscillat ions in the internai pressure. When the cell was full , the water valve was closed and the 
samples left under vacuum overnight. The vacuum was then released slowly using the cone-
seated valve. The sample saturation obtained was high with typical B values of 0.96 or more. 
The saturated sample was then assembled in the triaxial cell with porous stones and 
filter paper. Normally some air was trapped inside tbe membrane but with careful handling 
most of it could be expelled by water circulation between membrane and sample. The cell 
chamber was assembled and filled with de-aired water from the Jaboratory system. An 
effective stress of 10-20 kPa was immediately applied to expel any excess water before proper 
consolidation measurements were started. 
4.4.3 Jnvestigation of rate effects 
The results of isotropic compression tests indicated that the influence of rate of stress 
application could be considerable (item 4.3.4). So the first consideration was to which cxtent 
tbe yield curves were affected by creep. 
Various samples were prepared using a mixture without the crushed fired kaolin (CFK ) 
sand. This mixture was easier to prepare and was used on different occasions to in\'estigate 
factors like sample size, saturation procedure and creep. lt will be referred here as soil 130087 
(13% of bonding kaolin plus 87% of quartz sand). The basic hypothesis is that the bcha\'iour 
of any of the artificial soil samples is principally influenced by the bonding and so a samplc 
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sensitivity to a particular factor can be isolated for any particular mixture. 
A series of preliminary tests (tests 001 to 009) were carried out varying the method of 
saturation, sample preparation, sample trimming, etc. These tests indicated that creep had 
little influence but that other fa.ctors could be of importance. 
A new batch of samples was then prepared (Table 4.3) to isolate the influence of each 
factor. Fig. 4.7 shows the results of two triaxial tests carried out on two similar samples. The 
samples were tested in drained compression after an isotropic consolidation of 60 kPa. The 
only difference between the two tests is the rate of straining. Sample 11 was sheared at 5%/h 
while sample 12 was sheared at 0.03%/h. There is very little difference between their stress-
strain curves at the beginning. There is some difference in the peak strengths between them 
and the yield points could be defined at values of t of 150 kPa and 162.5 kPa, so indicating 
some influence of creep. However, this influence can be considered negligible when compared 
with the much stronger effects of isotropic cyclic loading and stress non-uniformity which were 
apparent from tests 15 and 10 (Fig. 4.8). These samples had the same preparation as the 
others (11 and 12) and a similar void ratio. 
The tilt of sample 10 after consolidation was much greater than for any of the other 
samples. A flat top cap and load cell were being used and thus a stress concentration was 
induced on the side first touched by the load cell. Although the rate used was 0.03%/h and 
some creep may have occurred, the difference in the yield stress was considerable when 
compared with sample 12. The axial strain determined from externai measurements is greatly 
increased due to this tilt. lt is interesting that the stress-strain curve shows some disturbance 
at around 20 kPa. This may be an indication of localized failure. 
This result led the author to look for mechanical arrangements in which this stress 
concentration could be avoided. Test 15 was the first test in which a loading ball was attached 
to the load cell and loaded against a flat top cap (see Chapter 3 for details). The result 
obtained is much improved in relation to the other tests, especially in relation to test 10. 
However, sample 15 was isotropically loaded/unloaded 3 times between O and 60 kPa before 
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shearing and this seems to have affected its yield point (t=l21 kPa) by a considerable amount. 
Note that in this test the loading stress should have been quite uniform due to the ball seat 
arrangement and so the drop in yield stress is probably only related to the cyclic loading 
(sample 15 was sheared at 5%/h). 
These results indicate that the creep is not a major influence on the yield stress. Stress 
concentration and cyclic stress application seem to be more important. 
4.4.4 lnfluence of saturation techniques 
The results obtained with the mixture 130087 indicate that the creep was unlikely to 
have caused the big differences in the isotropic yield stress reported by Maccarini (1987). The 
results of test 15 (Fig. 4.8) indicate that the cyclic application of stress is a major factor. In 
the case of test 15 this was caused by a membrane puncture (first unload) and subsequent 
cyclic loading by the author. Similar effects can be caused by a typical procedure for back-
pressure saturation. The first application of cell pressure will not be fully countered by the 
pore fluid and the sample will be loaded . The subsequent increase in back-pressure will unload 
it. Further, it is unlikely that the subsequent increases in cell pressure and back-pressure are 
made in such a way that their difference (i.e. the effective stress in the sample) remains: 
constant ali the time. Normally the degree of saturation is ascertained by determining a D 
value. If its value is less than unity there is again a cycle of loadingfunloading the size of 
which is dependent on the difference between applied pressure and pore pressure generated. 
A new series of tests was carried out to verify this point. Table 4.4 contains thr 
information about the samples. They are samples of series 100 i.e. with CFK and quartz sand 
plus the bonding kaolin. To obtain )ow densities, wax sand was also addcd. 
When comparing the results it is important to keep in mind that some of the samples 
did not have the mechanical arrangement of ball loading and most did not have local 
transducers for axial strain determination. So the stiffness should not bc uscd to examine thcii 
behaviour. 
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Two samples {102 and 103) were saturated by back-pressure using small cell and pore 
pressure increments of 5 kPa until the desired pressures were achieved. Three other samples 
{104 to 106) were saturated by tbe dry vacuum method (as described in item 4.4.2). The 
stress-strain curves are shown in Fig. 4.9. 
Ali samples were sheared from an initial effective stress of 100 kPa in drained 
compression. Sample 105 was sheared at 5%/h and sample 106 at 0.03%/h up to 45 kPa, 
unloaded and reloaded at a faster rate (0.17%/h). There is a slight difference in the results 
and the unload/reload seems to have affected the result of test 106. Sample 104 was also 
sheared at 0.03%/h and there is not a significant difference with the results from sample 105 
whicb was sbeared faster, both sbowing a t yield value around 95 kPa. 
The results of tests 102 and 103 gave some evidence of the effects of back-pressure 
saturation in reducing the yield stress. Sample 103 was initially sbeared at 0.03%/h, unloaded 
and then reloaded at 0.17%/h {similar to sample 106). Its yield value is around 80 kPa. 
Sample 102 showed a similar low yield although it was strained at a different set of rates 
(initially 0.17%, unload and reloaded at 0.03%/h). 
Clearer proof of the damaging effects of isotropic stress oscillation carne from the results 
of tests 107 and 109. They were saturated together by dry vacuum but during the filling of the 
vacuum cell with deaired water the water inlet tube was accidentally left open to the air for 
about a minute. The entrance of air in the vacuum cell made the pressure inside oscillatc 
quickly in an uncontrollable way. The samples ended up fully saturated and were tested in the 
same way as samples 102 to 106. Fig. 4.10 shows the test results together with the shadowed 
area of tests 104 and 105. There is a clear difference. The yield stresses dropped to 54 and 62 
kPa. The effect of cyclic isotropic loading is thus made evident by these extreme cases. 
The final evidence of the effects from saturation by back-pressure was providcd by 
Maccarini (1988). He confirmed that the samples used in bis first tests were saturatcd by 
back-pressure; among these werc the samples used in the tests with incrementai loading 
presented in Fig. 4.5. 
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A summary of Lhe results discussed here has been published by Bressani and Vaughan 
(1989) together with some evidence from literature. 
Jt appears from the differences in test results that damage to the soil structure during 
saturation is governed by the intensity of the cycling. If the back-pressure procedure is used 
carefully the damage can be reduced to a minimum. The most beneficiai improvement would 
be to bave a system that simultaneously increases the cell and the pore pressures maintaining a 
constant effective stress in the sample. The rate of increase should be a function of soil 
permeability and initial saturation. Tbis procedure was successfully carried out for the soil 
130087. For the artificial soil, however, the dry vacuum method proved to be more convenient 
and was used throughout the work. 
There is not much in tbe literature about the effect of the back-pressure technique in 
relation to strength. Brand (1975) studied its effect on the behaviour of undisturbed samplcs 
of soft Bangkok Clay. He found that the soil structure was destroyed even when confining 
stress and pore pressure were slowly raised simultaneously. To determine B values, increments 
of cell pressure of 69 kPa were applied. Brand 's results show that the undrained behaviour of 
samples consolidated against zero back-pressure gave the stiffer and stronger responses. 1'\otc 
that ali of the samples could be assumed to be virtually saturated prior to shear, based on the 
calculations of water content and void ratio. 
Dias (1987) found that samples of lateritic soils from Brazil which were soaked by 
percolation (no back-pressure) showed higher strengths than when fully saturated by back-
pressure. The percolation achieved degrees of saturation of 85%. Tests performed to 
determine suction equilibrium in the same soil indicated that small values of suction (less than 
20 kPa) can be expected for this condition. 
4.4.5 InOuence of sample size during preparation 
One initial idea was to develop a model test of a pressuremeter or of a platc loading tcst 
to study the influence of cementation under controllcd conditions. 
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The first step was to produce Jarge enough samples in which such tests could be carried 
out. The procedure of sample preparation followed that described earlier for the smaller 
samples. The wet mixture was poured into a double layer paper mould of 100 mm diameter 
and 180 mm height. 
The first two samples had cracks across their length after firing. The heating and 
cooling times were varied, 80 also was the position of the samples during firing. The first 
samples were Jaid on their sides (as the kiln was not large enough to stand them upright) and 
fired as usual (5oo·c, 5 hours). In order to try to avoid the cracking, the third sample was 
dried under lamps and then placed in an oven at 8o·c with forced air circulation. Then with 
the sample upright (in a larger kiln), the temperature was raised to 5oo·c in a larger number 
of small increments in temperature (Fig. 4.11). The temperature reduction was controlled and 
more gradual. Even 80 the sample cracked near the top but to a lesser degree. The points in 
the figure represent the steps of temperature/time used. The first two samples were left to cool 
overnigbt for their final stages. The third, bowever, had its temperature Jowered to 26o·c 
before the kiln was switched off. 
The samples were )ater cut down to triaxial sample sizes (38 mm diameter x 76 mm 
height). Fig. 4.12 shows the results obtained (t versus <a) when they were sheared. As before, 
they were saturated using the dry vacuum method, consolidated to 60 kPa and sheared in 
drained compression. 
Samples 16 and 18 were cut from the first large sample and they have similar failure 
stresses (although their rate of straining was 0.03%/b and 15%/b respectively). Sample 20 was 
cut from the third large sample and sheared at 5%/h. lt seems that the behaviour of this 
sample is similar to that of the ones produced in smaller sizes. However, it is still affected by 
the preparation technique as it failed at lower stresses than samples 11 and 13 described earlier 
(shaded area in the plot). It would seem that the history of firing in large sample sizes is an 
important factor to consider when producing larger samples. 
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72. 
Series 
000 
100 
200 
300 
500 
600 
Composition on moong(a ) 
Mixture 
Code 
133057 
130087 
168400 
Kaolin 
(%) 
13 
13 
13 
16 
CFK 
(%) 
30 
30 
Quartz 
(%) 
57 
57 
87 
(a) Percentage of the dry weight of the soil 
W a.Y. Water 
(%)lb) (%) 
8 45 
41 
35 
74 
(b) Percentage over the other solid constituents 
(c) In this mixture the CFK was obtained from kaolin fired 
at 5oo·c (300 series) 
10.6 
12.5 
15.5 
10.1 
Table 4.1 - Composition of artifkial soil-mixtures used 
Composition (%) Firing Density 
Kaolin CFK Quartz Wax ("C) (h) 
13 87 500 5 15.5 
13 30 57 8 500 5 10.6 
13 30 57 500 5 12.5 
16 84 500 5 10.1 
13 30 57 8 800 3 10.6 
13 30 57 800 3 12.5 
Table 4.2 - Code naming of tbe artificial soil series 
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Sample 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
G5 = 2.631 
16.03 0.610 
15.98 0.615 
15.89 0.624 
16.19 0.595 
15.95 0.618 
15.89 0.624 
15.85 0.628 
15.87 0.627 
16.01 0.612 
16.16 0.597 
16.24 0.589 
Saturat ion 
(see text) 
Suction 
Suction 
Suction 
Suction 
Back-press 
Suction 
Suction 
Back-press 
Suction 
Back-press 
( not satur.) 
Suction 
q~ 
(kPa) 
60 
60 
60 
60 
60 
60 
60 
60 
60 
100 
60 
Local axial 
instrum. 
No 
No 
No 
No 
No 
No 
Yes 
No 
No 
Yes 
Yes 
Table 4.3- Samples of soil 130087 fired at 500"C/5 h 
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Sample 
U101 10.97 1.37 
101 10.87 1.39 
102 10.95 1.37 
103 10.90 1.39 
104 10.98 1.37 
105 10.87 1.39 
106 11.17 1.33 
107 10.50 1.48 
108 10.49 1.48 
109 10.51 1.47 
G5 = 2.65 
(a) Sample destroyed 
(b) Accident during saturation 
(c) Not fully saturated 
(d ) Bad measurements 
Saturation 
Suction 
W et suction ( 0 ) 
Back-press 
Back-press 
Suction 
Suction 
Suction 
Suction(b) 
Boiling(c) 
Suction(b) 
O'~ 
(kPa) 
100 
100 
100 
100 
100 
100 
100 
100 
100 
Local axial 
instrum. 
No 
No 
No 
No 
No 
No 
Yes 
Yes(d) 
Yes 
Table 4.4 - Samples of soil 133057 fired at 500.C/5 h 
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5. ARTIFICIAL BONDED SOIL - 100 SERIES (void ratio ~ 1.5) 
5.1 INTRODUCTION 
The results of the second series of tests on the high void ratio material are presented in 
this chapter. Although occasional references are made to tests 101 to 109, most of the analyses 
will be based on tests 110 to 118 together with tests Sl00/1, Sl00/2 and S200. Table 5.1 
contains some basic information: test name, void ratio, form of saturation, consolidation 
stress, the presence or otherwise of local measurements of axial strain and an indication of 
what kind of top cap arrangement had been used (Chapter 3). Ali twelve tests were initially 
drained and were subjected to isotropic consolidation before shearing. Ali of the samples were 
saturated by the dry vacuum method described previously. 
5.2 REVIEW OF PREVIOUS WORK 
Ali of the results discussed in this section were obtained by Maccarini (1987). The 
material used by Maccarini is the same as that used for the present study, but with a slightly 
higher void ratio (1.6). However, since the bonding is the main characteristic of the soil, it is 
considered that bis results can be compared directly with those presented later. 
5.2.1 Isotropic compression behaviour 
Fig. 5.1 shows the results of isotropic compression tests on samples IL1 and IL2. Both 
samples were fired at 5oo·c for 5 hours. Their total void ratios were 1.58 and 1.60. 
respectively. The confining effective stress was increased at a constant rate of 0.8 kPa/min 
during the test. The arrows in Fig. 5.1 mark two points at which a change in behaviour was 
observed. The firsl point was described as "an initial gentle yield", indicated by departure 
from an initial linear portion. At this point, the stress levei was 95 kPa for samples ILl and 
IL2. The second arrow, at 270 kPa, indicates the stress levei at which marked deformation 
starts. This second point was designated "second yield". 
The results of isotropic consolidation on a sample with a stronger bond (IL3, fired at 
8oo·c for 3 hours) are plotted on the same figure. The same two stress leveis were identified , 
using similar definitions. The first yield was identified at 320 kPa and the second al 660 kPa. 
In ali three samples, axial strain was measured locally. The measured volumetric strain 
was affected by membrane penetration into the sample and was therefore not used. Ali three 
samples were saturated by boiling. 
5.2.2 Triaxial drained tesls 
Maccarini (1987) presenled results of five triaxial drained compression tests on the 
artificial soil with void ratio 1.6 (Fig. 5.2) in which the axial strains were measured with local 
transducers. 
At low confining pressures (8 and 50 kPa) the soil showed brittle behaviour. As the 
confining pressure increased the initial stiffness dropped in absolute value. Only test ILS8 
exhibited any dilalion , though its maximum dilation rate happened after peak deviator stress 
was reached. Test ILS50 showed a clear peak and it compressed throughout. In both cases the 
peak strength was little if at ali affected by the energy component due to dilation as is the case 
for dense sands. Taylor (1948) proposed that the shear strength of a specimen is a sum of two 
components, one due to friction between part icles and the other due to interlocking. His work 
was )ater expanded by Schofield and Wroth (1968). They formalized the energy equation for a 
direct shear test as 
T A dx = O'~ A dy + p O'~ A dx 
This expression relates the total energy expended in the shearing process ( T A dx) with 
the energy dueto dilation (O'v A dy) and dueto internai friction (p O'~ A dx). 
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The initial stiffness obtained from the triaxial tests in the artificial soil was not a direct 
function of the confining pressure as is the case for unbonded soils. The less dense soil (e=l.6) 
showed a drop in stiffness when the confining pressure was increased beyond a certain levei 
(Fig. 5.3). 
A summary of ali of the results obtained from tests on the less dense soil are presented 
in Fig. 5.4. The lines marked 1 to 5 correspond to the drained compression tests. Samples 
marked 7, 8 and 11 were tested under a constant ratio o f u~ f u~ and line 9 was a one-
dimensional compression test. The black points represent the main yield points obtained from 
such tests. There is little difficulty in defining these yield pressures for tests 6, 8 and 9 from 
the plot of axial strain versus average pressure. In the conventional compression tests the 
point of maximum curvature of stress-strain curves was adopted as the yield point. For tests 1 
and 2, these coincide with the peak strength. 
The behaviour of the one-dimensional compression test is worth special attention. Its 
stress path approximated to a straight line until dose to the failure envelope, with small axial 
strain (0.5%). After that point the stress path starts to move in the direction of the unbonded 
soil stress path, accumulating strains (from 0.5% to 8.5%). After reaching this unbonded line 
its stress-strain behaviour becomes more or less linear. 
5.3 TESTING DETAILS AND EQUIPMENT 
The same basic equipment as described in Chapter 4 was used: a triaxial stress path 
cell and a constant rate of displacement triaxial cell both with the usual electronic transducers 
(volume gauge, internai load cell, externai displacement transducer and cell and pore pressure 
transducers). However, two significant changes to the system were made in relation to the 
tests described before: a pair of electro-levels for local measurement of axial strain was made 
available and a loading button was used in ali tests except test 115. The initial arrangcment 
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used ( described as "preliminary" in Table 5.1) was simply a loading button attached to the 
load cell and a. fla.t surfa.ce top cap. La.ter this a.rra.ngement wa.s modified to the system 
described in Chapter 3 (Fig. 3.8). The guided top ca.p can a.ccommodate la.rger strains without 
excessive tilting. Filter paper discs were not used in a.ny of the tests as they were not 
considered necessary. 
During the investigation, the a.uthor also used a pair of local axial strain transducers 
based on the Hall effect device (see details in Chapter 3). Tests 113 and 114 are the same as 
those presented in Fig. 3.9 a.nd 3.10. Specific details of each testare given when discussing the 
test results. 
The main differences between the tests presented here and those of Chapter 4 are that 
tbese samples were all saturated by the dry vacuum method and that no effect of stress 
concentration in shear should be expected due to the loading arrangement used. 
5.4 RESULTS OF ISOTROPIC COMPRESSION TESTS 
5.4.1 Tbe isotropic yield 
A brief summary of specific test details is given when presenting the test results. Six 
consolidation tests were performed, the first two of which (110 and 111) were consolidated to 
pressures of around 430 kPa. 
Test 110 wa.s the la.st one in which no local instrumentation was used. The isotropic 
pressure was increased in steps up to 425 kPa. The second test, 111, had local measurements 
of axial strain and the effective confining pressure was increased at a constant rate of 0.27 
kPa/min up to 430 kPa. 
In test 110, in addition to measuring the volumetric strains externally, the vertical 
displacement of the top cap was measured at the end of each consolidation step. The 
procedure was to lower the load cell ram until the load cell attachment touched thc top cap. A 
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nominal load of 2N was applied so that the load cell deflection was the same on each occasion. 
This assured a positive contact which would be difficult to guarantee by visual means only . 
These measurements allowed the calculation of the axial strain at eacb stress level. Naturally, 
there is a small error dueto the true bedding as discussed previously. 
In test 111, local instrumentation for measuring axial strain was used and the 
monitoring of the transducers allows the definition of a continuous line. The data are plotted 
together with results of test 110 in Fig. 5.5 and 5.6. Both sets of volumetric data seem to 
agree well, althougb tbe constant rate of stress increase sample exhibited stiffer behaviour at a 
stress level greater than 300 kPa. At the end of the test, the pressure was held constant, and 
the sample showed some creep from 9.8% to 11.2% volumetric strain, moving towards the 
volumetric strain of test 110. 
Some problems were experienced with the local axial transducers in test 111. One of the 
pads glued onto the membrane fell off at around 350 kPa and they indicated negative strain 
measurement at tbe beginning. This negative strain may have been caused by a slight pushing 
of pads and membrane against the sample by the increasing pressure. This causes the 
transducer to register an apparent sample expansion. Such problems can be eliminated by 
applying suction to the sample before gluing the pads or, alternatively, by using a strip of 
membrane on top of them forcing contad with the sample from the beginning of the test. 
This latter solution was used in ali subsequent tests. 
In test 111 the same technique of measuring the axial strain externally was used. The 
results of seven such measurements are also plotted in Fig. 5.5. As the test was left running 
overnight no externai measurements were taken in the range 30 to 290 kPa. The last two 
points represent the creep that the sample showed over a period of 91 hours. Also in Fig. 5.5, 
five points obtained from the incrementai consolidation of another sample (112) up to 225 kPa 
are plotted. The externai measurements give closely parallel lines of deformation before and 
after yield. The value for the pressure in which the first linear portion breaks can be assumcd 
to be between 280 and 310 kPa. The same range is also indicated by the local measurements 
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(296 kPa by the lines intercept). 
Tbe plot of volumetric strain against confining pressure (Fig. 5.6) gives very similar 
values for the breaking point (yield). Test 110 gives a value of 280 kPa again and test 111 a 
value of 305-310 kPa. 
Using the same data, a new plot was produced. In Fig. 5.7 the axial strain curves were 
shifted vertically so that they ali gave a value of zero axial strain for 30 kPa effective stress. 
This pressure was chosen arbitrarily because the measurements of the small strains/pressures 
were not reliable. There is a dose agreement between the curves before the yield. 
The volumetric data is affected to some ext.ent by membrane penetrat.ion. Although the 
resulting error can be evaluated for remoulded samples through special tests or different sample 
sizes and geometries (see Vaid and Negussey (1984) for details) this would be impractical or 
impossible for the undisturbed samples. A radial belt for measuring the radial strains directly 
is necessary. Maccarini (1987) used such a belt for testing and the author developed another 
one (see Cbapter 6). The author's tests on the artificial soil with a void ratio of 1.1 gave 
corrections that are very dose to those obtained by processing Maccarini's data from similar 
samples (Fig. 5.8) . As no direct radial strain measurements were made on the high void ratio 
samples, tbe correction obtained from Maccarini's data for the less dense samples was applied 
to the results o f tests 11 O, 111 and 112. 
Fig. 5.9 shows the volumetric strain data with the membrane penetration error taken 
into account. The curves were shifted so that they read zero at 50 kPa (the membrane 
penetration error is very large up to this pressure). The agreement bet.ween the threc test 
results is good in the range 50-275 kPa. 
After the yield pressure the soil appears to be affected by the rate of stress increase. 
The incrementai test (110) seems to be more compressible than the constant rat e of stres~ 
increase test (111). The yield pressures obtained from this are 285 kPa (test 110) and 310 kPa 
(test 111) indicating some influence of the test procedure. As with the axial strain, in test 111 
there was some continued volumetric strain under constant pressure at the end of the test. 
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An examination of the increment of volumetric strain against time for each step of 
pressure in test 110 can throw some light on this behaviour (Fig. 5.10). Curves are shown for 
pressures of 100, 165, 230, 280, 360 and 425 kPa. The first increment of 65 kPa is not shown. 
No corrections of any kind were applied. During the test the time for final consolidation was 
arbitrarily fixed at 2 hours so that ali steps can be compared directly. The curves for the 
stresses of 100 and 165 kPa indicated that consolidation was complete within that time. The 
curve for 230 kPa shows that there was still some tendency to deform after 2 hours. At 280 
kPa the sample had a difTerent initial behaviour. lnstead of a sudden jump in volumetric 
strain, associated with the material's high permeability, the sample showed a more gradual 
consolidation curve. The deformation had not stopped completely a t 2 hours. At 360 kPa the 
sample deformed much more than previously and was still deforming after 2 hours (insert in 
Fig. 5.10). At pressures of 360 and 425 kPa, the initial deformation was less pronounced than 
at lower pressures. Creep of the structure due to internai redistribution of stress is the likely 
explanation. The rate of creep after the yield is known to increase dramatically on the 
artificial soil (Maccarini, 1987). The sample was left with the stress of 425 kPa for a total of 
86 hours. It would appear that the creep starts somewhere before the yield pressure but that it 
only becomes significant after that pressure has been exceeded. Note that the pressure of 280 
kPa was very close to yield pressure defined for the same sample (285 kPa), and so it is not 
surprising that the creep became noticeable at that increment. 
5.4.2 Creep efTects and initial yield 
The results presented suggest that there is considerable creep after the yield pressure is 
exceeded and that the soil behaves linearly up to the yield pressure. There was no indicat.ion 
of a first yield as suggested by Maccarini (1987). The measurements presented, however, are 
subject to some errors and the behaviour up to 50 kPa was disconsidered in the analysis. 
The consolidation phase of four other samples provided some useful information on the 
pre-yield phase. As stated above, some samples were tested using two pairs of local 
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transducers for axial strain determination (see Chapter 3 for details). In these tests, the pads 
were initially held in place by a membrane strip so thai dose contact was maintained with the 
sample before the confining pressure was applied. 
Test 113 was consolidated isotropically to 160 kPa under two rates of stress increase. 
From 27 kPa to 98 kPa the effective stress was increased by 0.90 kPa/min. The raie was then 
increased to 3.6 kPa/min until the final pressure was reached. The axial strains obtained from 
the two pairs of local transducers are shown against pressure in Fig. 5.11. 
From the results it is not possible to observe any significant influence of the rate of 
stress increase on the deformation of the sample and there is no evidence of any change in 
compressibility in the stress range covered by the tesi. The agreement between the two sets of 
measurements is satisfactory. 
Sample S200 was consolidated isotropically to 200 kPa using two rates of stress increase: 
0.16 kPafmin up to 137 kPa and 0.41 kPa/min from then on. As before, no influence of this 
cbange can be observed, nor is any first yield visible. On this test only one pair of local 
transducers was used. 
Sample 114 showed different behaviour. The rate of stress increase was maintained 
constant throughout at 1.8 kPa/min. Initially, the sample showed large compressibility up to 
around 50 kPa and then a compressibility of the same order of magnitude as the other two 
samples. This behaviour was shown by the two independent local measurements. At the end 
of the test, however, one of the pairs of local measurements showed a creep of 0.1% strain over 
a period of 100 min when neither the other pair nor the volume gauge indicated such 
behaviour. There is no apparent cause for the initial high compressibility of sample 114. 
The results presented so far show that the yield pressure determined by incrementai 
stress increase is similar to that determined from a constant rate of stress increase (tests 110 
and 111 ). The compressibility before yield is also little affected by changes in r ate during the 
test. The rates used varied between 0.16 kPa/min (test 5200) and 3.6 kPa/min (test 113). 
The Jack of sensitivity of the stiffness to the rate would suggest. that the yicld pressur(· 
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should also be unaffected by the rate. Unfortunately, this is not the case. Sample 115 was 
consolidated to an isotropic stress of 515 kPa at a quick rate (7.5 kPa/min). Having reached 
this pressure, the sample was left for a period of 118 hours. During the first 27 hours thc 
pressure remained constant but it dropped from then on due to a undetected leakage in the 
pressure line [Fig. 5.12(a)). The volumetric strain obtained during tbe loading of tbe sample is 
plotted in Fig. 5.12(b). Tbe two lines represent the direct measurements and the 
measurements with the membrane correction taken into account (see Fig. 5.8). The points on 
the corrected plot indicate the pressures at which the error was calculated. Below 50 kPa the 
value of the error was similar to t he value measured. There is a clear indication of yield at 
around 375 kPa which representa a 30% increase over tbe value obtained from the previous 
tests. It is interesting to note that yield occurs in a region in which the membrane error is 
constant with pressure, which means that it cannot have had any influence on the 
determination of yield pressure. 
Tbe axial strain determined from local transducers is shown in Fig. 5.13. However, thc 
logging system did not start taking their readings until the effective pressure had reached 305 
kPa. For this reason , the axial strain was assumed to be 1/3 of the volumetric strain at that 
pressure (cv=l.9%). Tbe extrapolation back to origin provided a reasonable fit to the data, 
suggesting that the data can be relied upon. This plot again indicates a yield pressure of 375 
kPa. This test also had another pair of local transducers. The results are not given here, but 
tbe same yield pressure can be inferred from them. 
The fast rate used in test 115 (7.5 kPa/min) induced a greater value of the yield 
pressure tban when using incrementai consolidation or a slower rate (0.3 kPa/min, test 111 ). 
However, this rate influence seems to be important only before the yield . From Fig. 5.13 (or 
Fig. 5.12) it can be seen that the sample underwent considerable deformation under a constant 
effective pressure of 510 kPa. The creep was present for 18 hours, after which the sample 
' seemed to stabilize. Six hours later the cell pressure started to drop due to the leakage for a 
period of 88 hours. The pressure was then further decreased to a value dose to zero and 
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reloaded at a fast rate (7 kPa/min). The unload/reloading curves do not show any sign of 
being influenced by the rate and the small creep at the end of the consolidation was over in a 
period of 30 min. 
5.4.3 BuJk stiffness 
Bulk stiffness values were calculated from ali of the test results wherever possible. Thc 
samples were assumed to behave isotropically. 
(a) Pre-yield stiffness 
(i) externai axial strain - tests llO, 111, 112 (Fig. 5. 7) 
K = 9.3 MPa 
(ii) local axial strain - tests 113, S200, 114 (Fig. 5.11) 
K = 18 to 24.5 MPa 
(iii) corrected volumetric strain 
K = 15.4 MPa - tests 110, 111 (Fig. 5.9) 
K = 20.2 MPa- test 115 [Fig. 5.12(b)] 
( b) Post-yield stiffness 
(i) externai axial strain - tests 110, 111, 112 (Fig. 5.7) 
K = 1.7 MPa 
(ii) local axial strain - test 115 (Fig. 5.13) 
K = 2.8 - 2.2 .MPa 
(iii) corrected volumetric strain 
K = 1.8 MPa - tests 110, 111 (Fig. 5.9) 
K = 1.8- 2.3 MPa - test 115 [Fig. 5.12(b)] 
Significantly, these measurements show a low scatter for the post-yield regions. In the 
pre--yield regions the measurements obtained using the externai axial measurements gave values 
which are considerably lower than the others. That is not surprising as the strains are small 
and thercforc thc truc bcdding error is significant in such cases. lt is quite clcar howc\'cr that 
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the bulk stiffness drops to a tenth of its value after the isotropic yield. 
5.5 RESULTS OF TRIAXIAL COMPRESSION TESTS 
A total of twelve tests were performed, t.he majority of which were carried out under 
drained conditions. Some tests were }ater converted to undrained tests, particularly after the 
drained yield had been defined. The strain rates were typically 1 %/h at the beginning of the 
tests so tbat a large number of readings could be taken during the initial stages of testing. The 
rate was increased to 5%/h at !ater stages in some tests. Tbis is tbe same rate as used by 
Maccarini (1987). A back-pressure of 200 kPa was used in ali of tbe tests. 
5.5.1 Yield in sbearing 
The determination of tbe yield surface in a soil is normally associated with the change 
in behaviour of that soil when loaded. The definition used by Maccarini in bis work (the 
"second" yield) was the point of maximum curvature of the stressfaxial strain plot obtained 
from drained compression tests. Vaughan (1988) suggested using log-log plots of stress against 
strain. These ideas will be tested here. 
Previously results (Fig. 5.4) suggest that the yield curve of the artificial soil is centered 
around the isotropic axis. lt was shown that there is an isotropic pressure at which a clear 
break point occurs (Fig. 5.7 and 5.9). These results also indicate tbat triaxial compression 
tests consolidated isotropically at pressures below about 250 kPa may show a yield in shear. 
Four conventional triaxial compression drained tests were performed with pressures 
below that value (Fig. 5.14). 
Test 118 was consolidated under a nominal isotropic effective pressure of 5 kPa and w as 
sheared fully drained. The axial strain was measured with four local transducers. Initially the 
strain rate used was 1 %/h up to an axial strain of 1.0%; it was then increased to 5%/h. The 
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test showed a clear drop in stress and a slight expansion after the initial peak. The sample 
developed a sbear plane near and intercepting the pedestal which caused large overall 
displacements only partia1ly measured by one of the local transducers. 
Test 113 had also two pairs of local transducers. The test was carried out under drained 
conditions up to an axial strain of 1.0% when the drainage was closed. The rate used was 
1 %/h throughout. The isotropic consolidation pressure was 160 kPa. 
Test 114 also had four local t;ansducers and the initial isotropic stress was 200 kPa. 
The strain rate was 1%/h, !ater changed to 5%/h. Various cycles of loading/unloading were 
carried out after the yield region had been passed . 
Test 112 was consolidated at 225 kPa. In this test no local instrumentation wa.s 
employed. The externai measurements were obtained as described in Chapter 3 but, 
nonetheless, may not be strictly comparable with the local measurements in the other tests. 
Fig. 5.14 shows the curves of stress versus axial strain and volumetric strain versus axial 
strain obtained from these tests. Except for test 118 (u~=SkPa) ali of the tests showed a 
compressive tendency under shear. Examination of the stress-strain curve indicates a clear 
region where the material shows a change in behaviour. In test 118 this region coincides with 
the peak strength. In the other tests, however, this region of stress occurs below the ultimate 
strength and the stress continues to build-up with further straining. 
Using the point of maximum curvature of the stressfaxial strain curves, the Yalues of t 
at the yield points were defined as 25 kPa (118), 56 kPa (114), 67 kPa (112) and 82 kPa (113). 
The other form of determining the yield would be to plot the stressfaxial strain curves 
to log-log scales. These plots are shown in Fig. 5.15. Fig. 5.15(a) has the results of the two 
independent measurements of axial strain from test 118 plotted together. Both show a more or 
less linear portion from 0.01 % axial strain up to a point where the sample showcd a sligbt 
unloading. After this point the stress increa.ses slightly to the peak and failure. The largc 
difference between the two types of local measurements whcn compared with othcr tests was 
probably caused by the shear plane which became visiblc !ater on. Ali of the transduc<'rs wcn• 
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supported by the membrane strip on the top pads and the contact was satisfactory as far as 
could be seen. At the end of the test however, the shear plane intercepted one of the Hall 
effect transducers. It is possible that the strain was concentrated there from the start of 
loading. The t value at the yield point, nevertheless, is clearly in tbe range 21-25 kPa as 
marked in the figure . 
The two pairs of local axial strain transducers of test 113 had dose agreement and the t 
value at yield determined from either of them is around 79 kPa. 
The two measurements obtained from test 114 are in good agreement. The point at 
which there is a change from a more or less smooth curve to a straight. line is at 57 kPa, very 
close to the value determined on the linear scales. 
Test 112 had no local measurements of axial strain. However, tbe externai 
measurements seem to have given reliable results. The t value at yield point from Fig. 5.15(d) 
is 67 kPa. 
These results show that both definitions give similar yield points. 
Apart from the conventional triaxial drained tests just described, some other téStS wete 
performed, following different stress paths. Three samples were Joaded under condit.ions of 
constant s1 and increasing t. The samples were first isotropically consolidated to an initial 
pressure and then tested under stress controlled conditions. The cell pressure was decreased at 
a constant rate of O. 7 kPa/min while the axial pressure was manually controlled so that the 
required path was followed. Two samples started at 100 kPa (5100) and one at 200 kPa 
(5200). 
The first sample tested (5100/1) was sheared under stress control throughout. Near the 
end of the test it. exhibit.ed an acceleration of strains and uncontrollable failure. The second 
test (5100/2) was st.ress controlled up to t=48 kPa, after which it was strain controlled. The 
strain rate used was 1.2%/h. The test was !ater continued undrained. 
Test 5200 was stress controlled up to an axial strain of 1.45%. It was then switched to 
strain control under undrained conditions. 
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The stress-strain curves of the three tests (t against axial strain and axial strain against 
volumetric strain) are given in Fig. 5.16. To define the yield the sarne criteria as used above 
were applied to the data. lt is interesting to note that the two samples 5100 had very similar 
plots of strain up to tbe point. where the second sample was switched to strain control. 1t 
seems that this sarnple was affected by this modification, and was unable to attain the same 
strength as the first. 
Logarithmic curves were also prepared from the data (Fig. 5.17(a), (b) and (c)] and they 
show well defined straight )ines. Test 5100/1 showed three linear sections before the 
uncontrolled failure. From these, two yields can be defined: an initial yield (10 kPa) and 
another at 56 kPa. The yield determined from Fig. 5.16 corresponds to t=65 kPa. Test 
5100/2 also had three linear portions in log-log scales and the rnain yield is at t=56 kPa. 
From Fig. 5.16 the value is 59 kPa. Test 5200 again showed three linear portions in the log-
log plot. The main yield is around t=48 kPa which is very similar to the value obtained from 
the previous plot (50 kPa). 
The yield points are plotted in Fig. 5.18 together with those obtained by Maccarini 
(1987). Also plotted in the figure are the yield points det.ermined from tests 104 and 105 (Fig. 
4.9) and the results of tests 116 and 117 which are discussed )ater (item 5.5.3). In general 
there seems to be a good agreement between the points obtained following different stress-
paths, with the exception of tesl 5200 (constant s' of 200 kPa). 
The isotropic yield obtained in this work is slightly above the value obtained b~· 
Maccarini although an examination of Fig. 5.13 suggests that a value of 280 kPa could han 
been selected. The yield surface appears to be centered around the isotropic line. Although no 
extension tests have been carried out it is likely that a similar yield curve would be found. due 
to the isotropic formation of the soil. The yield curve drawn in the figure was extended to a 
negative s' value of -2.5 kPa, the tensile strength of this material as measured in the 
diametrical compression, or Brazilian test (Maccarini, 1987). 
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5.5.2 The ultimate strength parameters 
Most of the tests described here were carried out under drained conditions until the 
change of behaviour indicated that the yield point had been reached. 
Some tests were then changed to undrained in order to determine if a condition of 
constant deviator stress under increasing strain could be attained, and to ascertain the strength 
parameters in that condition. Not. ali tests could be strained far enough, generally because the 
electro-levels touched the base of the cell. Except for sample 118, ali the others tended to show 
a drop in deviator stress and a large number of internai shear planes rather than a prominent 
single one. The samples were very soft at the end of the tests, rather like a cohesionless loosc 
sand. Great care had to be taken to recover the whole sample for water content determination 
as the water tended to run out carrying particles with it. 
In Fig. 5.19 five stress-strain curves of such tests are presented and their stress paths are 
given in Fig. 5.20 (together with the stress path of test 109). Test 1140 was carried out on the 
same sample as test 114B. The first test (114B) was tested fully drained and taken to an axial 
strain of 6.5%. The sample was then re-consolidated to a higher stress and sheared again . The 
other samples were ali sheared under a constant cell pressure first drained, then undrained . 
Ali of the stress-paths tended towards a small region of the stress space. The increase of 
pore-pressure with the straining is notable in tests 112, 113 and 1140. In comparison, test 
8100/2 showed little variation of pore-pressure with straining, suggesting that its condition was 
not far from the so called criticai state. lts initial undrained stress levei was close to the 
ultimate failure line defined from the a ver age of ali mixtures o f artificial soil ( 4>1 =35 ·, see 
Chapter 7 or 4>'= 34. from Maccarini, 1987). 
Test S200 also showed a large, but not smooth, change in pore-pressure. The rate of 
change with strain increased markedly when the ultimate failure line was approached. The 
sample showed a much more brittle behaviour than the others (Fig. 5.19). 
At the end of test 1140 the straining was stopped and the load decay monitorcd. The 
stress path of this section shows a drop away from the failure Jine with a small generation of 
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pore-pressure. After 80 minutes ali decay seemed to have stopped. The sample seems to be 
able to withstand a stress ratio dose to that at failure without further deformation . 
The fu lly drained tests at higher stresses normally did not reach an ultimate stable 
condition even at axial strains of 20%. 
In the lower stress range (s' ~200 kPa) there is a large number of test results to define 
the failure Jine. Fig. 5.21 shows the stress paths of tests in that range. In addition to the tests 
already shown in Fig. 5.20, two more are included: 118, fully drained, and 101 mostly 
undrained. Test 101 had no local axial strain instrumentation. 
The test results generally seem to fali into two slightly different classes. Tests 113, 114 
and 101 indicate a failure line associated with little or no cohesion for a fr iction angle of 34·. 
Tests 118, 5100/2 and 5200 on the other hand gave a higher strength envelope indicating that 
a cohesion intercept should be taken into account. A value of 7 kPa seems to be the upper 
limit. Tests 109 and SI00/2 lie between these two classes. Test SI00/1 had the highest 
strength of ali of the tests, crossing the failure line deíined by the others. The peak strength 
occurred at an axial strain of O. 76% and was followed by collapse. 
5.5.3 Influence of stress-patb on shear strength 
The results presented in the previous section seem to indicate that the soil beha\'iour 
may be affected by the stress path prior to failure or yield. To test this influence, two tests 
were carried out in which the shear st rength envelope was approached maintaining a constant 
deviator stress while s1 was reduced. The initial axial strain due to isotropic consolidation was 
0.41% for test 116 and 0.10% for test 117. 
Test 116 was isotropically consolidated to 100 kPa. After the consolidation was finished 
the vertical stress was increascd as in a normal triaxial compression test up to t.=50 kPa. 
Afterwards, maintaining this value approximately constant, the pore-pressure was first reduccd 
and then increased giving the stress path shown in Fig. 5.22. The rate of increase uscd for the 
pore-pressure was 0.17 kPa/ min. The sample had an axial strain of 0.3% at point F and at 
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point G rupture occurred very quickly (the broken line). The final strain at which equilibrium 
was restored was 19.8% and t had dropped to 22 kPa. The stress-strain results of this test are 
plotted in Fig. 5.23 with the corresponding points A to G marked on it. No correction was 
applied to tbe volumetric data. Note, however, that tbe effective confining stress varied from 
174 kPa to 49 kPa between points B and D. If the correction of Fig. 5.8 holds true in 
unloading, which may not be the case, it would imply that around 1.2% of the apparent 
volumetric expansion is erroneous. This is close to the v alue measured (1.1 %). 
The axial strain measured with local transducers shows very stiff behaviour when the 
mean stress was reduced. The incrementai strain between points B and E was only 0.06%. 
The sample was able to withstand a stress ratio well beyond any sample tested 
previously (point G), showing small deformation in comparison. Its failure was very quick and 
unregistered except by the final point which lies between the two failure )ines discussed above. 
Test 117 was performed under similar conditions. Starting from an isotropic stress of 60 
kPa, the sample was subjected to conventional drained compression. When t=30 kPa, the test 
was continued with that value constant while the pore-pressure (and s1) were changed. The 
radial effective stress was reduced to 3 kPa without any signs of sample failure . A 
conventional drained compression test with strain control was then carried out. 
Peak stress and clear failure behaviour were observed with t reducing after reaching a 
peak. After this drop, the sample was reloaded in small arbitrary steps (see dotted line in Fig. 
5.22) and finally sheared undrained (discontinuous line). 
This sample was also able to withstand stress ratios well above the failure envelope 
defined previously. The failure was only achieved by straining the sample under quite low 
effective stresses. Once failed , however, the final points of the drained and )ater undrained 
stress-paths li e close to the envelope o f 4>1 =34 • and intercept t=5-7 kPa. This test is 
particularly interesting when compared with test 118 which could not withstand a value of t in 
excess of 26 kPa, and with test 5100/1 already discussed. 
These test resulta were used to define thc yicld line in the low stress range (Fig. 5.18). 
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They plot above tbe other test results and show the influence of bonding at tbat stress levei. 
5.5.4 Effect of cycles of unloading/reloading 
The artificial soil has a very open structure wbich is held together by the bonding 
between grains. This structure is susceptible to damage due to cycles of isotropic loading 
(Chapter 4). Two tests were subjeded to cycles of deviator stress loading/unloading to sec 
whetber the bonding could also be destroyed by these sort of cycles. Both samples were 
consolidated isotropically before the shearing phase. Test 114B was consolidated to 200 kPa 
and test 115 to 515 kPa. Test 114B (Fig. 5.24) was initially loaded ata rate of 1 %/h until the 
yield was defined. It was left under load overnight with no a.dditional externai deformation 
and the sample showed loa.d decay with some straining. The remainder of the test was carried 
out at a faster rate of 5%/h. Six cycles of unloadfreloa.d caused an increase in axial and 
volumetric strain but with no change in their ratio. The rate of stress change with further 
axial strain showed a moderate increase. This may bave been the effect of the structure creep 
and the faster rate used. No degra.dation was noticeable. 
Test 115 was subjected to only two cycles (Fig. 5.25). lt showed some irrecoverable 
volumetric strain, producing two steps on its otherwise smooth curve of volumetric vs axial 
strain. Its stress increase with strain , however, does not show any significant change that could 
indicate degradation, for example. The effect of different strain rates can be seen on its stress 
vs axial strain curve. Between the axial strains of 2% and 5. 7% the r ate was 1 %/h while for 
the rest of the test it was 5%/h. 
5.5.5 Stiffness measurements 
The use of four local transducers on some samples and the de\·elopment of the technique 
of externai measurement of strain described in Chapter 3 provide useful data for comparison. 
The secant stiffness was calculated manually from the stress-strain curves of the tests. This is 
important in selecting the correct origin of strains. An example of typical test data is gi\'en in 
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Fig. 5.26 (test 114B). The two local axial strain measurements are relatively dose to each 
other and there is little problem in selecting the origin . On the other hand, care is needed in 
selecting the origin of the externai corrected measuremen t. 
Having selected the origin, the secant stiffnesses at strains as low as 0.01% were 
calculated and plotted against the Jogarithm of strain as suggested by Jardine et ai. (1984). 
These results are plotted in Fig. 5.27(a) to (i) in order of increasing ceJJ pressure. As discussed 
above, the externai measurements tend to be more reliable for Jarger initial confining stresses. 
In test 118 there were large differences between the local and externai measurements: this was 
also reflected in the stiffness. In test 116 the externai displacements were not reliably 
measured. On most tests good agreement was obtained between the different measurements 
used. 
With the exception of test 111 [Fig. 5.27(f)), ali tests showed the same pattern of 
decreasing stiffness with increasing Jogarithm of strain. There is a clear tendency for very high 
stiffnesses at strains smaJJer than 0.01 %. 
Using the data from Fig. 5.27, the values of stiffness obtained from two different strain 
leveis (0.01% and 0.1%) were plotted against the confining pressure (Fig. 5.28). The line-
connected dots indicate the measurement variation of each particular test. In two tests only 
externai measurements were available. The results obtained from the stress-strain curves 
presented by Maccarini (1987) are also plotted in Fig. 5.28(b). The similarity between the two 
graphs (a) and (b) is remarkable. The stiffness increases markedly with the effective stress up 
to 100 kPa. It then drops in absolute terms until apressure levei of 300-350 kPa when it again 
starts to increase with the pressure. 
To eliminate the effect of the confining pressure on the stiffness, plots were prepared of 
the values of normalized stiffness (E/ u~) against the pressure [Fig. 5.29(a) and (b )). There is a 
more or less similar trend in both plots, the normalized value reducing quite rapidly up to a 
levei of 400 kPa. At the small effective stresses, the normalized stiffness can be as high as 
8000-12000 (Table 5.2). 
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Jardine et al. (1984) presented data of normalized stiffness at 0.01% for four materiais 
(Fig. 5.30). They normalized the stiffness by the mean effective stress p~ [=(o-~ + 2o-~)/3]. 
Most of the samples were anisotropically consolidated, some overconsolidated. The values 
obtained by them for OCR~1 varied in the range 800-1500. The maximum value for soils, 
independent of the OCR was 2430. In two samples of chalk, however, the normalized 
stiffnesses were 11000 and 15500. 
The results presented here show that the artificial soil exhibits a drop in normalized 
stiffness with pressure which is not common for soils. At low confining pressures the 
normalized stiffness was quite high and comparable to that of a soft rock. 
5.6 RESULTS OF TESTS ON REMOULDED SOIL 
AND PERMEABILITY MEASUREMENTS 
It is commonly stated that tests on remoulded soil can provide an indication of the 
magnitude of the influence of the structure on the strength and sliffness of a soil. 
To do so, some of the samples which had been already tested were remouldeq by hand 
to a homogeneous silty sand (the broken bonding providing the finer particles). A known 
amount of soil was poured inside a metal mould with a vacuum applied to stretch a membrane 
inside it. 
Two samples were obtained following this procedure. The first had an initial void ratio 
of 1.18 (REM 1 ). The second was poured in to the mould slightly wet so that the particles 
formed clumps which made this sample less dense. An initial void ratio of 1.39 was obtained 
(REM2). 
In order to verify the maximum and minimum void ratios attainable for this soil, a 
simple test was performed. A measuring cylinder with remoulded soil inside it was turned 
upside down a number of times. The minimum dcnsity obtained correspondcd to a void ratio 
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of 1.88 (emax)· The same sample was then subjected to compaction by shaking and vibration 
wet and dry. The minimum void ratio was 1.13 (emin)· This minimum void ratio is 
remarkably constant and little effort is needed to achieve void ratios in the range 1 20-1.?.5. 
Note that although Maccarini obtained some samples with e=0.9 (in.ergranu •<.~r void 
ratio=0.48), the samples were of a different initial material as the kaolin was still a plast ic wet 
clay, not a silt size non-plastic fraction as is the case after remoulding it. 
The two remoulded samples were instrumented with local strain transducers and they 
were saturated with back-pressure. Test REMl was left to saturate for eight days and test 
REM2 was saturated in four days. Both samples had a back-pressure of 200 kPa. 
5.6.1 lsotropic compressibility of remoulded soil 
The remoulded samples showed a much more compressible behaviour than the intact 
material. Axial strain against pressure for tbe isotropic consolidation of test REM2 is plot ted 
in Fig. 5.31. ln the same figure the local measurements of tests S200 and 515 are also shown. 
lt is clear that the bonding provided much o f the initial stiffness. However, once the yield 
pressure is exceeded in tbe bonded soil, it tends to deform by an amount comparable to that of 
the remoulded soil. 
Similar results are obtained from the volumetric strain (Fig. 5.32). The two !ines 
correspond to the measurements as obtained and corrected by the membrane penetrat ion error. 
The shaded area represents the results of tests 110 and lll. 
Test REMI showed less compressible behaviour, which is consistent with its lower init ial 
void ratio. The axial strain measurements of the two remoulded tests are plotted together in 
Fig. 5.33. Both tests were subjected to cycles of loadingfunloading and the results are similar 
to those described for loose sands. 
In Fig. 5.34 the same local axial strain data is plotted against the logarithm of pressure. 
The local axial strain was chosen as it is a reliable measurement and it is not subject to any 
error. Both samples showed very similar stiff unloading/ reloading stages and a noticeable 
109 
creep when the pressure was maintained constant (300 kPa for test REMI and 600 kPa for test 
REM2) and they also show an apparent pre-consolidation pressure, caused by the saturation 
phase, in the range 50-60 kPa. 
The influence of void ratio on the compressibility of unbonded soils is very well 
established in soil mechanics. To verify this influence some points have to be considered. Both 
samples are affected by the membrane penetration error described earlier. Although this error 
correction does not present difficulties, there are other considerable problems. The samples 
were assembled dry, or moist, to obtain the high void ratio required . Until they were fully 
saturated the volume measurements were of little or no use. The samples also deformed 
considerably during saturation when water was percolated through them and the effective 
stress was increased to 50 kPa. The sample dimensions were measured directly at the 
beginning of the test (under a vacuum of 10 kPa) and at the end of shearing phase. Using the 
last point as a reference, the volume was calculated backwards and the volume correction 
applied. 
In test REM2, there is a large diiTerence between the directly measured initial void ratio 
and the back-calculated value for the beginning of consolidation. The test results, however, 
indicate that such a diiTerence may be caused by the initial stress application. 
In Fig. 5.35 the results of the two tests are presented. They incorporate the membrane 
error and use the final void ratio as reference. The initial points measured during assembly are 
also marked on the figure (triangles). Test REM2 which had the highest initial void ratio 
showed very large compressibility. However, it is surprising that test REMI was able to cross 
the line of the other test maintaining a higher void ratio for pressures above 300 kPa. This 
difference in behaviour can only be explained by the diiTerent structures created when the 
samples were formed. Test REM 1 was poured dry and test REM2 was assembled slightly 
moist with the grains forming lumps. This may account for the diiTerence not. only in th<' 
compressibility but also in the void ratio/pressure curve obtained. 
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5.6.2 Triaxial compression test result.s on remoulded soil 
Following the isotropic consolidation stages, the two samples of remoulded soil were 
sheared under fully drained conditions. Sample REMI was slightly overconsolidated 
(OCR=1.2) but sample REM2 was overconsolidated to an OCR of 6.2. Their void ratios 
before shearing were 1.00 and 0.96 respectively. 
The axial and volumetric strains are plotted in Fig. 5.36 and 5.37 together with the half 
deviator stress (t). Both showed compressive behaviour throughout and their volumetric 
strains seem to indicat.e that they achieve a more or less stable structure at the end of the test. 
The stress-strain curves do not show clear signs of failure, although the curve for test REJ\12 is 
relatively flat. If the maximum stresses in the tests are assumed to be close to failure, they 
plot close to the failure envelope defined above (Fig. 5.38). The straight line passing through 
the origin and the two maxima gives a corresponding 4>' value of 35•. 
The cycles for unloading/reloading in these samples are also of some interest. The two 
cycles carried out on sample REM2 caused no significant volume changes. In contrast, the one 
cycle carried out on sample REMI caused a considerable volume change during unloading. 
This may be related to the different stress leveis at which the two samples were tested , to the 
magnitude of the unloading or to the different OCRs of the samples. 
The remoulded sample tests also provided the opportunity to examine the idea of yield 
determination using log-log plots. The half deviator stress, t, is plotted against the local axial 
strain in Fig. 5.39(a) and (b) for both tests. The curve obtained from test REMI has hardly 
any change in slope or any other feature which could indicate a yield point. The same result is 
obtained if the normal scales are used (Fig. 5.36): there is no indication of yield from a clear 
point of maximum curvature. Test REM2 gives a different result. From the linear scales it is 
not easy to select a point, but, the log-log plot [Fig. 5.39(b)) indicate that at a stress levei of 
t=40 kPa there is a yield. This yield may be associated with the overconsolidation of thc 
sample. 
The stiffnessess of these two samples were also determined for axial strains of O.OI % and 
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0.1%. The results are presented in Table 5.2. The comparison with the values obtained in the 
bonded soil is interesting (Fig. 5.40). Sample REM2, sheared at 100 kPa confining stress, gave 
stiffnesses values well below the values determined for the bonded soil at a similar void ratio. 
The overconsolidation ratio of 6.2 was not enough to increase its stiffness to the levei of the 
bonded ones. Sample REM 1, although lightly overconsolidated (OCR=l.2), gave much higher 
stiffnesses. When their normalized stiffness (E/p~) is compared with the values given by 
Jardine et ai. (1984) (Fig. 5.30) both samples have values which are close to half the expected 
values for their overconsolidation rat ios: test REMI has a normalized stiffness at 0.01% of 450 
(OCR=1.2) and test REM2 has a normalized stiffness of 1000 with an OCR of 6.2. 
5.6.3 Permeability measurement.s 
Permeabili ty tests were conducted on some triaxial samples of the artificial soil beforc 
testing in compression. Different pore-pressures were applied at the top and bottom drainagc 
to generate a hydraulic gradient. Typically 10 kPa difference was maintained. Monitoring of 
the flow allowed the calculation of sample permeability. The results shown in Table 5.3 
represent the average obtained from 5 to 8 determinations with continuous measurement of top 
and bottom pressures. Two of the bonded samples were tested before shearing and they have 
an average permeability of 2.5 x 10-6 m/s. The two remoulded samples had their 
permeabilities measured a number of times. Sample REMI had a permeability reduction from 
2.5 to 0.4 x 10-6 m/s due to consolidation. 
The other remoulded sample reduced in permeability from 6.5 to 2.8 x 10-6 m/s. This 
difference in permeability between the two samples again indicates that their internai structure 
must be different, as the void ratio isso similar. One measurement of permeability was made 
on a partly saturated sample to determine how much it affected the measurement. 
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Sample 
110 10.43 1.49 
111 10.48 1.48 
112 10.51 1.47 
113 10.64 1.44 
114 10.58 1.46 
115 10.54 1.47 
116 10.35 1.51 
117 10.57 1.46 
118 10.59 1.45 
5100/1 10.58 1.44 
5100/2 10.69 1.43 
S200 10.50 1.48 
G5 = 2.65 
(a) Both local transducers fell off 
(b) Four local transducers were used 
(T~ 
(kPa) 
425 
430 
225 
160 
200 
515 
100 
60 
5 
100 
100 
200 
Local axial 
strain 
No 
Yes 
No(a) 
Yes(h} 
Yes(h} 
Yes 
Yes 
Yes(h} 
Yes(h) 
Yes 
Yes 
Yes 
Top cap 
arrangement 
Preliminary 
Preliminary 
Preliminary 
Preliminary 
Preliminary 
No 
Guided top cap 
Guided top cap 
Guided top cap 
Preliminary 
Preliminary 
Preliminary 
Table 5.1 -Artificial bonded soil- 100 scries (133057, 500.C/5h) 
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Test u' 3 Esec at 0.01% 
(kPa) 
118 5 
117 60 
116 100 
113 160 
114 200 
112 225 
110 425 
111 430 
115 515 
1140 400 
111C 430 
REMI 605 (o) 
REM2 lOO(h > 
(a) OCR= 1.2 
(b) OCR= 6.2 
(MPa) 
32- 64 
112- 160 
220- 250 
190-220 
140- 110 
250(c 
154 ( () 
95 
110-134 
350 
58 
275 
100 
(c) Externai mea.surement 
E5ec at 0.1% 
(MP a) 
24-38 
56 
80-94 
76 
50-~0 
70(c 
44(c) 
45 
54 
96 
56 
123 
59.5 
Eo.Ol 
-,-
0"3 
(x 103 ) 
6.4-12.8 
1.8-2. 7 
2.2-2.5 
1.2-1.4 
0.7-1.1 
1.1 (c) 
0.36(c) 
0.22 
0.21-0.26 
0.88 
0.14 
0.41 
0.95 
5-7.6 
0.9 
0.8-0.9 
0.5 
0.25-~.30 
0.31 (c 
0.104(c) 
0.105 
0.105 
0.240 
0.130 
0.20 
0.57 
E L- 0.1 
- Eo.o1 
0.6-0.8 
0.3 -0.5 
0.36 
0.36-0.42 
0.27-0.36 
0.28 
0.29 
0.48 
0.40-0.50 
0.27 
0.93 
0.45 
0.60 
Table 5.2 - StifTness paramet.ers of t.be 100 eeries t.ests and remoulded soil samples 
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Sample e k (m/s) Observation 
102 1.37 3 X 10-6 bonded sample 
103 1.39 2 X 10-6 bonded sample 
REMI 1.12 0.6 X 10-6 partially saturated 
1.12 2.5 X 10-6 saturated 
1.00 0.4 X 10-6 after consolidation 
REM2 1.19 6.5 X 10-6 before consolidation 
0.97 2.8 X 10-6 after consolidation 
Table 5.3 - Results of permeability t.est on artificial soil samples 
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6. ARTIFICIAL BONDED SOIL - 200 SERIES (void ratio = 1.1) 
6.1 INTRODUCTION 
This chapter presents the results of the second main series of test on the artificial soil. 
The results obtained by Maccarini (1987) from tests on the same material are briefly reviewed 
and }ater compared with the tests carried out during this work. 
Two pieces of equipment are described: a radial belt for measuring radial strain on 
triaxial samples and a system for applying confining pressures of up to 3.5 MP a. 
6.2 REVIEW OF PREVIOUS WORK 
Ali tests referred in this section were carried out by Maccarini (1987) on the same 
material as that used in the 200 series. 
6.2.1 Isotropic compression testa 
Maccarini used two test procedures in Joading samples: incrementai and a constant rate 
of stress increase (CRSI). It has already been discussed (see Section 4.4.4) that the incrementai 
tests, which were the first to be carried out, caused a degree of sample damage due to the back-
pressure technique used for saturation. For this reason, these test results will not be discussed 
here. 
The CRSI tests were performed at a rate around 0.8 kPa/min. The results from tests 
on three samples have been presented in Fig. 4.3 when discussing the influence of storage time. 
Ali three tests had local axial strain instrumentation. The void ratios of these samples were 
1.19 (IM1), 1.18 (1M2), 1.19 (1M3) and the values of t at the yield points observed were 260 
kPa, 280 kPa and 250 kPa respectively; ali at around 0.2% of axial strain. There were 
insufficient data presented from tests IM4 and IM5 to obtain yield points. 
6.2.2 Triax.ial compression tests 
Five tria.xial drained compression tests were carried out at effective confining pressures 
of 10, 50, 300, 500 and 900 kPa (Fig. 6.1). The initial void ratios of the samples varied 
between 1.19 and 1.22. The behaviour of samples with higher stresses was contractant during 
the teste while at lower stresses (10 and 50 kPa), significant sample dilation occurred. 
Bowever, as with the artificial soil of e=l.5, the ma.ximum rate of dilation occurred after the 
peak strength had been reached (see item 5.2.2) which indicates that the dilation energy 
component of strength is not an important one. 
Other tria.xial drained tests were aJso carried out under constant stress rat io (u~/u~) 
and one--dimensional compression (K0). In the Jatter, a radial belt was used to monitor the 
strains at the mid-height of the sample. A microcomputer continuously monitored the test 
adjusting the cell pressure as required to maintain constant radial strain constant. 
The stress path of these drained tests are plotted in Fig. 6.2 together with the undrained 
shearing stages which followed most of them. Also indicated in the figure are the yield points 
determined from the stress-strain results. 
6.2.3 Loes of bond strengtb witb strain 
Some of the most interesting results presented in Maccarini's thesis are from the 
measurements of tensile strength (diametrical compression test) of samples loaded along the 
same stress path but stopped at different leveis of stress. His results were presented in terms of 
tensile strength loss (as a percentage) against mean effective stress (Fig. 6.3(a)] or volumetric 
strain (Fig. 6.3(b)]. The samples were loaded isotropically or with constant stress ratios of 0.4 
and 0.7. From Fig. 6.3(a) it can be seen that the tensile strength was unaffected for pressures 
less than 280 kPa in all three kinds of tests. Larger pressures cause a gradual reduction to 
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around 20% of the intad strength for pressures around 900 kPa. There seems to be a faster 
reduction for the isotropic test after the levei of 580 kPa is reached. The volumetric strain 
appears to be a good indicator of the tensile strength deterioration. For volumetric strains of 
less than 1.5% there is Jittle or no reduction of the strength. This is followed by a gradual 
reduction for ali stress paths followed. At a volumetric strain of 4.0% only about 20% of the 
original tensile strength remains. 
Using these results a plot was produced (Fig. 6.4) in which the tensile strength 
percentages are expressed in t, s1 stress space; also plotted are the lines of initial yield, at 
which the tensile strength seems to remain intact, and the final bond yield. 
6.3 TESTING DETAILS ANO EQUIPMENT 
Twelve samples were prepared and tested in this series. Ali samples were saturated 
using the dry suction method, described in Chapter 4, before being assembled. The value of B 
measured at the beginning of the consolidation was always larger tban 0.95. No filter paper 
was used in contact with the samples for the reasons given in Chapter 3. 
Some physical parameters and testing details are given in Table 6.1 for the twelve 
samples tested. 
Local instrumentation was used in most tests. A specially built radial strain belt 
(described )ater) was used to monitor sample diameter at mid-height during four tests. 
The average void ratio of the samples was 1.07. This value is slightly lower than the 
void ratio of Maccarini's samples for which e=l. l8. 
The testing equipment consisted of the hydraulic stress path triaxial cell described 
before with full instrumentation (internai load cell, displacement transducer, externai volume 
gauge, pore pressure and cell pressure transducers) and a modified cell for larger pressures (up 
to 3.5 MPa). Two pairs of local axial transducers were used: one based on electro-level 
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sensing devices and the other with a strain-gauged pendulum device. 
6.3.1 Triaxial equipmeot for coofioiog pressures of 3.5 MPa 
In order to investigate the soil behaviour at pressures larger than the usual limit of the 
laboratory equipment (1 MPa), a tria.xial cell was rnodified and an increased pressure source 
built. The only modification required for the triaxial cell was to replace the perspex tube (ccll 
wall) with one of aluminium alloy (alloy 6082 - HE30TF). The analysis of the tube as a thin 
walled cylinder with internai pressure can be considered by the expression 
p·R 
Clts = -t-
where uts is the aluminium yield pressure in tension (with a fa.ctor of safety), p 1s the 
ma.ximum internai pressure, R is the radius of the tube and t the wall thickness. 
For the dimensions t=8.9 mm, R=l93 mm, with p=3.5 MPa the factor of safety of the 
tube is 4 (the tensile strength of the alloy was quoted as 310 MPa). The factor of safety 
against failure of the six tie bars that maintain the top plate in place is somewbat lower at 3.6 
which should not be overlooked when using the equipment. These tie bars must be thightened 
up carefully and uniformly before pressures are applied. 
The high pressures tests were performed using the usual plastic tube connections used 
for testing over the conventional pressure range; no problems with leakages were encountered. 
Three options for the pressure source were considered: 
(a) pressure amplifier - based on a piston with two different areas working by 
equilibrium of forces. The primary pressure (air or liquid) acts on the larger piston face. Thc 
resulting force is counter-balanced by a higher pressure acting on the smaller face. lf flexible 
diaphragms (e.g. Bellofram) are used the friction can be quite small but the maximum pressure 
is then Jimited to the safe working pressure of the diaphragms (typically 2.5 MPa). lf 0-rings 
are employed then there is no such pressure limit but the friction may be unacceptable. This 
system is relatively easy to build and versatile. Precision is variable, depending on the design 
( friction is the ma in facto r). 
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( b) gas regulator - based on a simple one-way gas regulator using standard industrial 
compressed air bottles which are readily available and have a precision of ±5kPa. The 
question of safety arises when considering possible leakage and explosion. The pressure cannot 
be reduced automatically with this system (only increased if necessary) and a continuous 
outflow is required which can be provided. 
(c) servo-control motor and piston (the option chosen) - in this system the electric 
signal from a pressure transducer is continuously compared with a value set by the user. Any 
variation causes the control system to change the direction andfor the speed of a electric motor 
connected with a screw-piston pump. The pressure can be increased or decreased and there is 
no safety problem due to the use of gas. 
The electronic servo-control used has been fully described by Hight (1983) where it was 
used to control the rate of stress increase through either the elevation of mercury pots or the 
control of an air pressure manostat. The electronic diagram of the servo-control is given in 
Fig. 6.5(a). The servo-control can aduate the motor either to maintain a constant electrical 
signal or to rotate at a constant velocity independent of the feedback signal. The constant 
signal mode was generally used with a pressure transducer being employed to provide the 
feedback signal. The servo-control drove the motor to maintain the signal dose to the value 
pre-set by the user. 
The system was sometimes used in the velocity mode in which case the control 
maintains the motor turning at a pre-set angular velocity, independent of the load. As the 
system compliance is almost constant with pressure, a relatively constant rate of stress increase 
could be obtained. 
The mechanical arrangement is shown in Fig. 6.5(b ). Mercury pots were used in thc 
initial phase of the tests (with pressures below 1 MPa). Once the plastic tubing, the cell and 
the soil samples had ali deformed, the servo-control was switched on and the mercury pot valve 
closed. At the beginning of each consolidation step, when fast volume variation had to be 
accommodated, the hand pump was used to avoid using up the travei of the screw pump. lf 
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during t he test the screw pump had to be refilled then this was achieved using the following 
sequence: 
(a) the cell valve was closed; 
( b) the servo-control was switched off; 
(c) the pressure in the Jines was reduced to 900 kPa (using the hand pump); 
( d) the mercury pot valve was opened; 
(e) the screw wbich connected the pump with the sliding turning rod was released and 
the pump screw was manually filled; 
(/) increase the pressure to same value as before; 
(g) perform steps (d) to (a) in reverse. 
When the pump is driven near the limit of travei the electrical switches [ES, Fig. 6.5{b)) 
are actuated. They reverse the electrical current from the servo-control so a voiding damage to 
the pump. 
Another safety measure adopted was to maintain the volume gauge connected to the 
sample drainage at a position such that if the sample membrane were perforated the volume 
intake of the transducer would be larger than the screw pump volume. T his eventuality would 
then cause the pump to run to its mechanical limit triggering the electric switches (ES). 
Damage would not be caused either to the volume gauge by excessive pressure or to the pump. 
The screw pump has a working volume of only 25 cc which was adequate for ali tests. 
Pressures up to 3.5 MPa were successfully maintained though it is possible that such pressures 
could be dose to the limit that some mechanical parts such as the pump thread, the gear box. 
and the bearings can withstand. 
This system performed well maintaining a constant pressure under ali conditions. Fig. 
6.6 is a plot of cell pressure against time obtained from test 209. The nominal conlining 
pressure was 1720 kPa and in the first 15 hours it oscillated by ±2kPa around this valur. 
There was some increase in pressure la ter on, but overall the range was within ± 2.5 kPa or 
±0.15% of the applied pressurc. Larger oscillations occurred only when the prcssurl' changl' 
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trend was reversed (e.g. during unloading/reloading) but it was always smaller than ±4.5 kPa 
in these cases. However, these measurements were not independent, as they were obtained 
from the same transducer whose electrical signal provided the feedback to the servo-control. It 
has been assumed that the transducer stability was reliable: its calibration, checks against 
otber transducers, readings of pressures provided by the stable mercury pots and checks against 
a calibrated dia! pressure gauge (accuracy of 3-5 kPa) ali proved satisfactory. Its performance 
against anotber transducer in the pressure range of 220-790 kPa was also satisfactory 
(difference smaller than ±1.5 kPa at tbirty different pressures). 
6.3.2 Radial sLrain belt 
The measurement of the variation of sample volume, during triaxial tests on soils with a 
rough surface such as the artificial soil, sands or residual soils, can be erroneous when using 
externai gauges, due to membrane penetration error. Tbis error can be eliminated by using 
tecbniques which evaluate its value and correct the measurement accordingly (see, for example, 
Vaid and Negussey (1984) for details). 
A radial belt was developed to obtain direct measurements of the radial strain. 
Together with the local axial strain devices the belt enabled the volumetric strain of the 
samples to be calculated. The data were also used to correct the volumetric strain of other 
samples in which the radial belt was not used (see Fig. 5.8). The gauge was also used for 
performing one-dimensional triaxial tests (K0 ) on the artificial soil and on the Corinth Mar!. 
The transducer was designed using a Hall effect sensor whicb gives an analogue electric 
output which is a function of the magnetic flux which actuates it. The output of the 
transducer is dependent on both the distance between the sensor and the magnet and their 
relative position sideways. The integrated circuit package contains the sensor itself, an 
amplifier which can compensate temperature effects, a voltage regulator and an output 
transistor. The energization can be chosen in the range 8 to 16 V (or 6 to 12 V in some cases) 
but must be stable. In this work a voltage of 15 V with a stability better than ±0.15% 
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(±0.023 V) was used to power the Hall sensor. The whole package weighs 0.35 g and its 
dimensions are 7.6 mm in width, 20 mm in length and 1.8 mm in height. The sensor does not 
need any physical contact with the magnets and there is no damage resulting from over-
saturation by the magnetic flux, [for more details see Clayton et ai. (1989) and the 
manufacturer's catalogue (Honeywell)]. 
After the experience with the local axial strain transducer (see Chapter 3) the slide-by 
configuration was thought to be easily adaptable for the radial belt. The idea is not new and 
has been used at the University of Surrey (Clayton et ai., 1989). They used the radial belt first 
designed by Bishop (Bishop and Henkel, 1962) exchanging the visual mercury sensor and 
piston by the Hall sensor and magnet holder (Fig. 6. 7). The transducer was designed for use 
on samples with 102 mm diameter. Uneven forces applied by the springs tend to twist the two 
semi-circles forcing the Hall sensor against the PTFE block and maintain the gap constant. 
The radial belt constructed for this work was designed using the confining pressure as a 
means of support. The essential requirements which had to be incorporated into the design 
were that: the pads should be in close contact with the sample; they should have no slack in 
relation to the belt, and the belt should not offer any restriction to the sample movements. 
These problems were overcome by some minor modifications to the original design (Fig. 
6.8). The support of the belt and its rigid connections to the sample were provided by using 
pads which pass through the membrane [Fig. 6.8(b)). The pads are circular with a recess for 
fitting an 0-ring seal. They contain a bole in which the belt adjusting beam pin fits. This 
arrangement creates a hinge with very Jittle friction, a rigid non-slack connection and which 
holds the whole belt in place by gravity without the need of springs. 
The pads are fitted by sliding the 0-rings into the grooves over the membrane. The 
membrane is then cut around the edges with a razor blade, while being held in place by the 0-
rings. 
The pads need only to be glued onto the membrane for materiais with a smooth surfact? 
(as shown by the pad represented on the left side of the figure) . However, the instrument may 
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measure membrane deformation as well as that of the sample and care should be taken. 
The integrated circuit package was put inside a metal box without top or bottom. A 
thin piece of microscope slide glass (0.1 mm thickness) cut to size was glued onto the top. The 
face of the circuit was glued to it with a thin layer of epoxy resin {Araldite). The same resin 
was used to glue the thin glass to the edges, the whole box was then filled with the epoxy resin 
and a glass plate 1.0 mm thick glued onto the underside. 
Once installed on a sample, the relative movement of the pads is mechanically 
magnified 1.5 times by the belt. The sliding of the magnets in relation to the sensor is output 
as change in voltage. To maintain a constant gap between the magnets and the sensor, two 
measures were taken. The belt works in a plane orthogonal to the maio hinge which is a dose 
fitting stainless steel pin (Fig. 6.8(c)). A compromise between tightness of fit and friction was 
adopted so that there is little possible mis-alignment of the two arms. The beam holder of 
magnets was also lightly pressed against the glass cover by using a rubber washer between the 
beam and its adjusting screw. This arrangement maintains a dose contact between the PTFE 
(polytetra-fluorethylene) pin and the glass so providing a constant gap between sensor and 
magnets. 
The transducer arrangement fits neatly inside the frames of the local axial strain 
transducers (Fig. 6.9). The tube carrying the electric wiring was moulded to a shape that did 
not interfere with any measurements. Unless restrained, the belt has a tendency to tilt towards 
the sensor box. This is best avoided for representative measurements of radial strain normal to 
tbe sample axis. The belt was therefore maintained in a horizontal position by gluing a small 
stop piece (Fig. 6.8(c)) onto the membrane at an appropriate position. This piece reacted 
against the belt pivot pin providing a positive restriction without interfering with 
measurements. 
The whole transducer weighs 20 g and the pads plus the "balancing piece" another 4.5 
g. This weight was not considered excessive and no counter-weights were used for the soils 
tested. 
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During the initial phase of testing and calibration it was observed that the lateral 
movement of the magnet holder had an important influence on the electrical output. A 
satisfa.ctory solution was achieved by simply gluing a stainless steel guide pin onto the sensor 
container box [Fig. 6.8(a)] so that the beam is forced to follow a central path. 
The calibration of the belt was carried out a number of times to verify its performance 
and to obtain the best a.ccura.cy possible for the test measurements. They were carried out 
using the same rig as normally used for calibration of the local axial transducers (Fig. 6.10). 
The rig was put in a horizontal position and the pads fixed to its measuring parts. A 
displa.cement dia! gauge with resolution of 2.54 pm was used for the input readings. Thc 
calibrations were all of the same general pattern as those presented in the literature (Fig. 6.11 ). 
There is a near linear central portion which should be aimed at when setting up the test and 
two curves at its extremes. Observe that the signal trend reverses with further displacement. 
The transducer signal had a resolution of the order of 0.2-0.6 pm during the tests and 
the central portion has a range of 1.6 mm. 
The transducer sensitivity to cell pressure variation was examined by using dummy 
samples and also at the end of test 208. This sample was isotropically unloadedjreloaded four 
times. This variation of effective pressure was achieved either by changing the total cell 
pressure or by changing the back-pressure (Fig. 6.12). The sample showed some hysteresis in 
compression after the initial expansion but the results do not indicate any tendency of the 
measurement being affected by the total cell pressure variation. The final cycles are very 
similar to each other, andare independent of the method of stress variation employed. 
6.4 RESULTS OF ISOTROPJC COMPRESSJON TESTS 
Thirteen triaxial tests were carried out on samples of the 200 series (Tables 6.1 and 6.2). 
Two of the samples did not have local instrumentation installed as they were exploratory tests 
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at high pressures. The final consolidation pressures indicated on Table 6.2 were the ones 
applied just before shearing. Two samples were overconsolidated: sample 206 consolidated to 
3200 kPa and sheared at 600 kPa and sample 207 consolidated to 3120 kPa and sheared at 
1200 kPa. 
The test results and tbe relevant test details will be presented individually. Ali samples 
were prepared following the description given in Chapter 4 and they were fired for 5 hours a t 
500·C. They were then cut to size and saturated by the vacuum dry method. 
The analysis of the test results during consolidation is considered in two sections relating 
to axial strain, obtained from local measurements in most tests, and volumetric strain. 
6.4.1 Compressibility for pressures up to 500 kPa 
Seven consolidation tests with a constant rate of stress increase were carried out at 
pressures of 450 kPa or more. The results from three of them are presented in Fig. 6.13(a). 
The tests were set-up with a initial pressure of 20-30 kPa so that initial readings could be 
taken. The rate of stress increase was 1.0 kPa/min for tests 207 and 209 and 2.1 kPa/min for 
test 208 (Table 6.2). 
The three tests showed a dear bi-linear compressibility with the changing point 
occurring in the region 100-135 kPa. The initial higher compressibility may be due to the 
closing of internai cracks and small fissures, similar to those which occur in rocks (see Fig. 3.6 
of Goodman, 1989). The compressibility of the second portion (from 100 kPa to 500 kPa) 
seems quite linear. Assuming an isotropic bebaviour, the bulk stiffnesses of three samples (207, 
208 and 209) were calculated as 60, 51.5 and 49.5 MPa respectively. Apart from the init ial 
higher compressibility, there was no otber significant deviation from linearity. 
In Fig. 6.13(b) the results of four other tests are presented using the same scales. In the 
first tests (201 to 205) the local transducers were glucd onto the membrane with the sample at. 
zero effective stress. A membrane strip stretched over the top pads provided the initial 
support. This led to some uncertainty of the measurements as the transducers sometimes 
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indicated a lengthening of the sample with increasing pressure. For this reason, tbe results 
from test.s 201 and 202 were calculated using data from only one transducer and should be used 
with caution . In ali the latter tests (207-212) the instrumentation was glued onto the 
membrane after a suction of 10 kPa had been applied to the sample. This made the initial 
readings much more reliable and no lengthening was observed. 
In Fig. 6.14 results of test 212 are plotted together with those from tests 201, 207, 209 
and 211. The sample compressibility in this test was slightly higher in its linear portion but 
the initial compressibility was much higher than observed in any of the other tests and this 
initially high compressibility continued to a confining pressure of 150 kPa. 
The bulk stiffness values indicated on Table 6.2 were calculated from the linear portion 
of the test results and isotropic behaviour was assumed. The variation of the stiffness ranged 
from 42 to 60 MP a in most tests. Tests 201 and 204 gave the highest values ( 170 and 11 O 
MPa). 
Before judging these results it is worth examining the volumetric strain results obtained 
from the same tests. 
Fig. 6.15 shows the experimental points obtained from test 201 using the externai 
volume gauge; also shown are the measurements corrected for membrane penetration error (as 
plotted in Fig. 5.8). This correction was obtained from the results of test 212 in which the 
radial belt was used to measure the true volumetric strain of the sample. The error is largr 
due to the roughness of the sample surface. A pressure of 50 kPa was adopted as the origin for 
volumetric strain because the error is very large at lower pressures. 
Using the same kind of correction for each of the tests, a set of corrected curves was 
build from the original data. Ali these results are presented in Fig. 6.16 with the exception of 
test 201. The result of test 212, in which the measurements were made directly with local 
transducers (axial and radial strains) is also plotted in the same figure. 
The results have some scatter in terms of compressibility; some tests indicate bi-linear. 
or even tri-linear behaviour. Test 212, the only one with local measured volume, shows a 
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decrease in c::ompressibility after 400 kPa. Tests 201, 207 and 209 have similar results and 
seem to have an increase in compressibility at around 300 kPa. Although less compressible, 
tests 207 and 208 also indicate a similar pattern. This c::hange was most dearly sbown by tbe 
two stiffer sa.mples, 204 and 211. 
Tbe tests can be divided in two groups: one formed by tbe two stiffer sa.mples (204 and 
211) , witb a dear change in compressibility, and the other witb more compressible behaviour 
and less well defined change in stiffness. Both groups, however, present tbis c::hange at around 
300 kPa. 
lt is worthy mentioning that the two incrementai tests are each on a different group 
(sa.mples 206 and 211), indicating that the form of loading has no influenc::e on the results. 
Note also that the two stiffer samples (204 and 211) appeared to be so for both measurements 
(axial and volumetric strain). 
Using the linear portion of the volumetric strain versus pressure plots the values of bulk 
stiffness were calculated (Table 6.2). The stiffer samples have values of 60 and 68 MPa, the 
others are in the range 20-30 MPa. The ratio of tbe bulk compressibilities calculated from 
botb measurements bas also been calculated (Table 6.2). These ratios seem to indicate that 
the sa.mples are more compressible radially than axially. 
The axial measurements from test 202 should be used with caution as there is great 
discrepancy between the sample behaviour in terms of volumetric strain and the axial strain. 
Ali other tests show a reasonable agreement between the axial and volumetric strains. 
However, the volumetric strains indicate a yield for most tests at around 300 kPa while the 
axial measurements do not. 
6.4.2 Compressibility for pressures of 500 kPa to 3000 kPa 
The behaviour of sa.mples tested at pressures below the normal limit of 1000 kPa was 
not conclusive in terms of yield. The results obtained previously (Fig. 6.2) suggested that it 
might be necessary to go to higher pressures to obtain an isotropic yield as obtained from the 
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100 series. 
One of the first tests at high pressures was carried out with sample 206 which was 
consolidated incrementally up an effective stress of 3300 kPa. No local instrumentation was 
used for fear of damaging it. Thirty stress increments were applied to the sample and the 
results of this test are presented in Fig. 6.17 and 6.18. The volume strain was corrected by the 
membrane penetration error but this correction had no influence for pressures above 400 kPa. 
The axial strain presented in both figures was obtained by measuring the displacement 
necessary for the load cell attachment to touch the guided top cap, at the end of each 
consolidation step. However, these measurements are not reliable at low stress leveis because 
of sample roughness but can be satisfactory for larger pressures. For the first unloading/ 
reloading cycle, the measurements of axial strain from the two devices were 1.24% and 1.25% 
at 700 kPa and 1.11% and 1.10% at 400 kPa, which indicates a good degree of accuracy. 
The two membranes punctured after some time under the effective pressure of 3300 kPa. 
The volume change was being continuously measured and so could be used in the calculations 
but the axial deformation, which required manual reading, could not. When the cell was 
opened to change the externai membrane the new sample dimensions could be measured 
directly. These were used to calculate the strains at the beginning of the reloading as marked 
in the figures. It is interesting to observe that in this case the reloading was more compressible 
and to achieve the same levei of pressure reached before (3200 kPa), the volume strain 
increased from 12.2% to 17.1% and the axial strain from about 4.8% to 6.6%. lt seems that 
the structure of the sample was changed by the large unloading/reloading cycle. This was not 
the case in the first cycle at around 700 kPa. 
In Fig. 6.18 the data is presented using the tra.ditional logarithmic pressure scale. This 
plot emphasizes the difference in compressibility between the two unloading/reloading cycles 
and also turns an almost linear compression line into a very curved one. 
Other tests were also consolidated isotropically to pressures above 500 kPa and some 
had local measurements of axial strain. In Fig. 6.19 the results of local measurements of axial 
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deformation of three tests are presented for the range 0-2750 kPa. T est 211 was consolidated 
incrementally to 1500 kPa and tests 207 and 209 were consolidated under constant rate of 
stress increase with continuous monitoring of strain . In test 209 no measurements were taken 
in the stress interval of 545 to 1190 kPa due to problema with the data acquisition system. 
Nevertbeless tbe dotted line does seem to agree well with the measured data. The externai 
measurements obtained from test 206 are included on tbe plot for comparison. The smooth 
curve of test 207 seems slightly disturbed at the pressure of 2500 kPa, and a more compressible 
linear behaviour starts at around 1600 kPa. The overall range of stress used is represented in 
Fig. 6.20(a) and (b). The yield pressure of 1600 kPa for test 207 does not appear in the log-log 
plot but the influence of the unloading-reloading cycle is apparent. 
Using this larger scale, the volumetric strain results of six tests are plotted in Fig. 6.21. 
Although there are some differences at lower stresses, there is a general agreement in their 
trend. Also, there is no clear change in compressibility as that which occurred witb the 
artificial soil of higher void rat io. The bulk stiffness of sample 207 was 30 MPa which is quite 
dose to the values calculated at lower pressures. 
Fig. 6.22 shows the results from four tests of volumetric strain versus the logarithm of 
pressure. The volume strains were corrected by the membrane error for pressures smaller than 
400 kPa. On this scale, the agreement of the data is quite satisfactory. Using the classical 
methods of pre-consolidation pressure determination (Casagrande method for example), a value 
of 1600 kPa can be selected from such a graph. The axial strain results versus the logarithm of 
the pressures are plotted in Fig. 6.23. lf the local axial strain results of tests 207 and 209 are 
used to determine the pre-consolidation pressure, a value of 1700 kPa is likely to be chosen . 
However, there is not a clear yield point for stresses greater than 500 kPa, only an almost 
continuous compression. This may indicate that no sudden structural rearrangement or 
breakage of bonding occurs. Some data suggest that in the region 1600-1700 kPa a gentle yield 
can be defined. 
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6.5 RESULTS OF TRIAXIAL SHEARlNG TESTS 
6.5.1 Yield in drained compression 
Most of the samples were sheared m compression under drained conditions following 
isotropic consolidation. Some samples were )ater further sheared under undrained conditions. 
The curves of stress-axial strain and axial-volumetric strain from the tests are presented 
in Fig. 6.24 and 6.25. Ali samples show a compressive behaviour throughout this phase. Two 
of the samples were overconsolidated (206, OCR=5.5 and 207, OCR=2.6) and they showed a 
Jess compressible tendency than the others and their initial stiffnesses were greatly increased. 
Naturally, their initial void ratios were smaller than the void ratios of other samples (Table 
6.3) due to the overconsolidation. 
In order to identify any yield points in the tests the stress-axial strain curves were 
examined as for the 100 series (Chapter 5). In Fig. 6.26 the enlarged t versus axial strain 
results of tests carried out at lower pressures are presented. The crosses marked on the curves 
represent the points of maximum curvature (or yield as defined here). lt is clear that test 206 
was very much affected by its overconsolidation. Test 210, with an effective confining st ress of 
100 kPa had its yield point very close to the stress at failure. The others, however, showed a 
yield well below the maximum failure stress. 
The results of tests carried out at higher pressures are plotted in Fig. 6.27. The yield 
points are marked on the figure as before and they are well below the failure line. Two of the 
test results (203 and 205) show a remarkable discontinuity on the stress-strain curves at about 
their levei of yield stress (also coincident with that from test 213). 
The experimental points of these tests are plotted individually in the discontinuity 
region in Fig. 6.28. Two of the tests show clearly that there is a change in slope immediately 
after such breaking points, especially test 205. Jn test 213 there is only a very slight drop of 
load at that levei , only dctectable because of the small logging interval used, and no changc of 
slope occurs. 
180 
However the plots that show most clearly the change in behaviour are the stress versus 
radial strain curves, presented in Fig. 6.29. Test 205 shows a very clear alteration in the radial 
strain after reaching the stress levei discussed above (marked on the curves by the small 
circles). Test 203 also sbowed some variation although it was less well defined than test 205. 
In test 213 the point is dose to the onset of dilation. 
It is important to note that these radial strains were determined using the 
measurements of externai volumetric strain and axial strain. In test 203 the axial strain was 
calculated from externai measurements and this makes its radial strain less reliable. 
The same kind of plot can also be produced for the lower stress range, but a certain 
margin of error may be expected. Altbough the confining stress remained constant for ali tests, 
the bedding of the sample ends can cause variations in the volume measured outside. lt is 
important to note that 0.01% of radial strain corresponds to ± 0.008 cc wbich is dose to the 
resolution of the volume gauge transducer. There are two tests however in which the radial 
strain was directly measured with the radial belt. The results of these tests (210 and 208) are 
presented in Fig. 6.30. Two curves are shown for each test: one measured directly and the 
other calculated from the results of volumetric and axial strain as explained above. Test 210 
was consolidated under an effective stress of 100 kPa and it should be expected that the 
bedding error is more significant at this levei. The examination of the strain curves obtained 
directly shows that the yield points selected before (Fig. 6.26) are in the region where the 
sample behaviour starts changing radically. 
The results of the other tests are presented in Fig. 6.31, together with the yield points 
chosen from Fig. 6.26. Although in tests 206 and 201 the axial and the volumetric strain were 
both determined from externai measurements, the change in behaviour at the yield points is 
quite clear. 
These results, obtained from externai measurements, can give only a general indication 
of the changes and must be used with caution. Nevertheless, they may provide a positive 
indication of structure change and this may be especially true for soils in which the bedding 
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error is small. 
Finally, plots of stress and strain using logarithmic scales were prepared (Fig. 6.32(a) to 
(d )] as for 100 series. The tests were separated by groups which are more or less comparable. 
Note tbat samples 202, 203 and 206 had their axial deformations measured externally. The 
yield points were determined from the intersection of two lines fitted to the data. Such line 
fitting was easily performed for tests 201, 207 and 208 and the values obtained are indicated in 
Table 6.3, between brackets. 
Fig. 6.33 was prepared using the results obtained from the natural and logarithmic 
scales. The drained stress path followed by the tests is indicated and different symbols are 
used to differentiate the method of yield pressure determination. A different symbol was also 
used for the overconsolidated samples. It must be pointed out that the stress-radial strain 
plots were used only to provide a confirmation of sample behaviour and of the yield stress 
defined before. They were not used as a third alternative to define the yield pressures. 
Analysis of the figure indicates that the agreement between the two determinations is 
quite satisfactory for tests carried out at the lower range of pressures. However, for tests 203 
and 213 there is quite a Jarge difference. It appears that test 205 marks the threshold of two 
processes. One which tends to decrease the yield stress levei as the average effective stress 
increases and the other which maintains it almost constant with the increasing pressure. The 
reader is referred back to Fig. 6.27 and 6.28 to verify the difficulty in selecting one stress levei 
as a yield definition for tests 203 and 213. The Jog-log plots provide a more positive 
indication. 
For the overconsolidated samples there is Jittle doubt that the yield poi~t is pushed 
beyond the limit defined by the other tests and this is especially clear from test 206 which has 
been consolidated to 3250 kPa. The Jikely yield curve associated with the overconsolidated 
tests 206 and 207 is indicated in the figure. 
Fig. 6.34 presents these yield points together with the points defined by Maccarini 
(1987) on the same soil with a slightly larger initial void ratio (e0:1.2). They do agree 
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satisfactorily witb tbe data presented bere, especially for the low pressure range. 
6.5.2 Resulta of a test performed under constant t whilst reducing s1 
Having defined a yield curve witb reasonable confidence in tbe region of low stress from 
compression drained tests, it was necessary to verify the influence of the stress path on the 
yield strength surface, in the same manner as for the resulta obtained from tbe 100 series tests. 
A test was carried out on sample 204 after isotropic consolidation to 580 kPa. It was 
loaded drained as in a normal compression test to a stress levei of t=279 kPa (Fig. 6.35 and 
6.36). Tbe sample was then allowed to creep freely for 2 hours by wbich time the load had 
dropped to t=237 kPa (point B). The testing of the sample was carried out by reducing the 
effective confining stress while maintaining manually a relatively constant value for t of 250 
kPa. The effective stress was reduced from point B to point D at a rate of 2.40 kPa/ min. The 
value of s' was reduced from 830 kPa (point B) to 440 kPa (point C) wit b very little straining. 
From that point to point D it was not possible to maintain a constant value of deviator stress 
and the strain increased considerably. When the average effective stress was reduced below 483 
kPa tbe sample deformed by a large amount. Finally, at point E (ca=2.68%) the effective 
confining stress was held constant and the test was continued under constant rate of straining 
up to ca=7.0%. The yield point of this test is clearly somewhere between points C and D. 
The complete stress-path of test 204 is plotted in Fig. 6.37(a) and (h) together with the 
results presented before. There is good agreement between the yield curve previously defined 
and tbe result of test 204. For this void ratio it seems tbat the artificial soil is unable to cross 
tbe yield (and failure) line for tbe levei of stress employed, contrary to what happened with the 
100 series tests. 
6.5.3 Resulta of one-dimensional compression test 
The development of the radial strain belt described earlier was useful in showing the 
characteristics of deformation of tests 208 and 210 and especially their radial strain pattern in 
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relation to yield as defined by the deviator stress versus axial strain. However, test 208, which 
was a normal compression drained test, showed no radial strain up to a stress levei of 400 kPa 
approximately (Fig. 6.30). Tbis led the autbor to speculate what the stress path of an one-
dimensional compression test would be starting from a relatively bigh isotropic stress, instead 
of a more conventional low initial stress levei. 
Using local instrumentation for measurement of axial and radial deformations, a sample 
was initially consolidated isotropically to 580 kPa effective stress (sample 212). The test was 
then continued with a constant rate of axial strain imposed by the triaxial machine. The 
radial strain belt was monitored continuously and the effective radial stress was modified as 
required to keep the radial strain constant. The transducers were monitored for 16 hours 
before the test during which time the belt showed an oscillation smaller than l1Jm (or 0.0026% 
of radial strain). This indicates that its readings can be relied to that precision which is 
satisfactory (note that its resolution was 0.4 IJm). 
The rate of straining used was 1 %/h to allow easy control of the radial strain, also this 
was the rate used in most tests. The test was performed in two days and the sample was 
unloaded slightly before the control was released overnight. The load dropped a little further 
during that period due to creep and in the morning the radial strain had changed to 0.016% 
(radial compression). The test was re-started and carried on to the limit of pressures available 
in the stress-path cell (950 kPa). Finally, it was unloaded whilst still under one-dimensional 
conditions. 
Throughout the test, the radial strain was maintained within a tolerance of ±0.004% 
(Fig. 6.38), except for the uncontrolled overnight period. The stress path rises steeply up to 
t=300 kPa (Fig. 6.39). This agrees well with the behaviour observed in test 208. From that 
stress onwards the stress path continued increasing and became linear. lf this linear portion is 
used to calculate the ratio u~ f u~ (K0 under these conditions), the v alue of 0.47 is obtained. 
The axial strain obtained has a relatively smooth increase with pressure. The 
deformation during the cycle of loading/reloading is similar to that observed in other soils 
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under the same conditions. There is one point though that warrants attention. When the 
deviator stress rea.ched t=375 kPa the sample showed a rapid unloading with a small increase 
in axial strain and change in the radial belt. The radial pressure was reduced to restore the 
radial strain and the load started to increase again. A change in behaviour occurred at that 
levei, as can be seen from the stress path direction. It is likely that a structural rearrangement 
may have occurred causing the sudden unloading and variation of the strains. 
A comparison of this test with others is made in Fig. 6.40(a) and (b). The yield line 
and experimental yield points presented previously are plotted together with the stress paths of 
three tests: the constant t test (204), the one-dimensional test presented here (212) and the 
one-dimensional test carried out by Ma.ccarini (1987) - (kOMl). 
The results of the two one-dimensional compression tests seem to show the same 
tendency of following a straight stress-path after an initially steeper start. Both tests show 
yield stresses that are lower than those obtained from normal compression drained tests. The 
results of test 212 also indicate that within the stress range employed there is no tendency to 
drop to a lower stress path as happened with the higher void ratio artificial soil (Maccarini, 
1987). The value of 0.47 for the ratio of u~J u~ is a higher value than those obtained from the 
well known expressions relating K0(u~Ju~) with the effective friction angle ~1 : 
K0 = 1 - sin ~1 
o r 
K0 = 0.95 - sin ~1 
Assuming that ~1 is in the range 35· to 36. (see 6.5.5), these expressions give values of 
0.38 and 0.44 for the K 0 ratio. 
6.5.4 Stiffness measurements 
The thirteen tests carried out cover a relatively large range of stress and any tendency of 
stiffness variation with pressure can be studied with some confidence. The secant stiffnesses 
derived from plots of deviator stress versus axial strain were calculated at a number of strain 
leveis. The local instrumentation was employed in most tests and the stiffnesses were 
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calculated from these measurements and from the corrected externai deformation 
measurements. Ali samples except aample 209 were tested with the guided top cap and loading 
button following the tecbniques described in Chapter 3. When analysing tbe results, the 
general characteristics of the externai measurements should be considered: (a) at low confining 
pressures measurements are affected by the bedding of the sample ends, and ( b) there is better 
agreement between the local and externai strains in the small strain range. 
The results of secant stiffness calculations at 0.01% and 0.1% axial strain are plotted 
against confining pressures for a range up to 1000 kPa on Fig. 6.41(a) and (b). In Fig. 6.4l(b) 
results of stiffness at 0.1% axial strain which were calculated from the figures presented by 
Maccarini (1987) are also plotted. The numbers indicate the test (8 for 208, 12 for 212, ele.) 
and a line connects the results obtained from the same test using the two methods. At small 
strain leveis (0.01 %) the externai strain sometimes gives a higher value of stiffness than the 
local measurements. There are various possible reasons for this but it is most likely due to the 
choice of the strain origin. Nevertheless, the tendency of both plots and both kinds of 
measurement.s indicates a steady increase in stiffness with pressure. 
To examine the behaviour over the whole range of confining pressures, stiffnesses 
calculated at 0.01 %, 0.1% and 0.2% axial strain are plotted against confining pressure (Fig. 
6.42 to 6.46). The stiffnesses at 0.1% and 0.2% were also calculated from the results of 
Maccarini {1987) and are incorporated into the figures. In the discussion that follows, test 209 
is considered a special case and its results were not used for drawing the band represented on 
the figures; the reasons for this are discussed later (item 6.5.6). 
Fig. 6.42 shows the results of ali stiffnesses obtained at 0.01% axial strain . Two of thc 
tests were overconsolidated before shearing and they have a stiffer behaviour. The others seem 
to fali inside a band which again indicates a linear increase of stiffness with confining pressurc. 
The stiffnesses calculated at 0.1% and 0.2% are plotted on Fig. 6.43 and 6.44 . The 
incorporation of Maccarini's data helps to define a diffcrent behaviour at low pressures. 
Although the tendency of increasing stiffness with pressure remains, it is no longer linear. It 
186 
seems that up to 200 kPa the stiffness has a rapid increase with pressure, it then remains 
almost constant and from 600 kPa onwards another increase occurs but less pronounced than 
tbe initial one. 
Note that this tendency is not the same as that presented before for the artificial soil 
(Maccarini (1987) and Fig. 5.3). The result obtained from the sample at 900 kPa has not been 
considered here when drawing the !ines. The test gave a low value of stiffness and the reason 
for this may be the same as for test 209 (see 6.5.6). 
An increase in stiffness with confining pressure leads to the idea of its normalization in 
relation to tbe pressure and the resulting plot is presented in Fig. 6.45. Very high values of 
normalized stiffness were obtained at low confining stresses indicating that tbe stiffness is 
greatly influenced by the bonding. As the pressure increases tbis influence lesses and the 
pressure has a larger role. The drop is very marked up to 200 kPa after wbich a much slower 
reduction occurs for quite large variations in pressure. 
Tbe snme pattern of behaviour may be better visualized in Fig. 6.46. In that figure the 
normalized stiffness was plotted on a logaritbmic scale and the pressures on a natural one. It 
seems that up to 600 kPa the reduction in tbe logarithmic value of the normalized stiffness is 
more noticeable. 
6.5.5 The ultimate strengtb parameters 
Considerable examination has been made of sample behaviour in terms of yield 
pressures. Nevertheless, it is important to know if the parameters that define the failure at 
large strains remain the same over the whole range of pressures. 
Ali tests were carried out initially drained with the exception of test 211. Some tests 
were, at a )ater stage continued undrained so that the failure envelope could be reached with 
the strains obtainable in the triaxial test. Although the r ate of strain was 1 %/h initially, this 
was increased in most cases to 5%/h )ater on. The latter was also the rate used by Maccarini 
(1987) in ali bis tests. 
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The results of tests carried out at lower pressures are presented in Fig. 6.47. Samples 
201 and 202 had their strain rate increased during the test to 5%/h at around 5% axial strain. 
Sample 206 had it increased on the eecond reloading. There is a considerable variation in the 
volumetric strain between the test 202 (s~=450 kPa) and test 201 (s~=600 kPa) but even more 
so wben test 206 is cornpared with test 201. The overconsolidation had a large effect in the 
stiffness and volurnetric behaviour of sarnple 206 . Sample 210 was sheared to an axial strain 
of only 2.2% as a well defined shear plane had already developed at that stage. 
Fig. 6.48 contain the results of the higher pressure tests. Two of the samples had been 
tested initially drained and then undrained. Sample 203 had a constant rate of shearing of 
5%/b and samples 205 and 207 a constant rate of 1 %/h. Sample 213 was initially sheared at 
1%/h and after the first unloading its drainage was closed and its rate increased to 5%/h. 
The volumetric strains for three of the tests are very similar and the effect of 
overconsolidation can be clearly seen from the results of test 207. 
lt is interesting to note that the cycles of loading imposed on sarnples 206 and 207 did 
not cause any significant change in the volumetric variation either in tendency or in the 
instantaneous value. The axial stress behaviour was also unaffected, except when the rate was 
increased (test 206, second cycle}. 
The stress paths from ali test.s are presented together in Fig. 6.49(a) and (b). In 
addition to the tests referred to above, the paths of the drained test 204 and the undrained test 
211 are aJso included. The fully drained tests (conventional stress paths) are represented only 
by their maximurn point (crossed circle). 
The results indicate a unique strength envelope which, for the pressure range present.ed, 
is quite linear. The parameters for the envelope indicated in the figure are 4>1 =36.2., c'= 1 i .5 
kPa. 
The drained tests 202, 205 and 207 seem not to have been able to reach final strengt h 
and this agrees well with the results presented in Fig. 6.47 and 6.48. Test 210, on the other 
hand, shows that the envelope is higher at lower stresses, as is expected for bonded soil. 
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The undrained paths of tests 201, 203 and, particularly, tests 211 and 213 are 
interesting in terms of the strength envelope. The second unloading/ reloading that was 
carried out undrained on test 213 has a noteworthy stress-patb. On reloading it dimbed back 
to tbe failure envelope and tben followed it very closely witb increasing stress. After reaching a 
ma.ximum, the deviator stress started dropping but the stress path continued along the failure 
line. 
6.5.6 Undrained t.ests 
Although some of the tests were sheared undrained mainly to define the failure line, 
some of the results warrant closer attention. Two samples were consolidated isotropically to 
1500 kPa and sheared in drained compression up to around <a=l5%. They were unloaded and 
reloaded undrained and strained to large strains (around 28%). Tbe results of both tests are 
presented in Fig. 6.50 and 6.51. 
The difference between the test results is quite significant and test 209 did not even fail 
on the same envelope as tbe others. An examination of Table 6.1 shows that both samples 
were prepared in exactly the same way (temperature and void ratio) and saturated with the 
dry vacuum method. The only difference was that test 209 was carried out without the load 
cell attachment as used in ali other tests. This may induce large concentrations of stress on 
the sample if the top cap and load cell are not parallel (see further discussion in Chapter 4). 
Such concentrations were thought to affect the stiffness measurements, even when local 
transducers were used, but not the ultimate strength parameters. Test 213 was carried out 
specifically to make a comparison with test 209. The final portions of both tests are plotted in 
Fig. 6.52. The same testing procedure was followed: after the unloading the drainage was 
dosed and the rate of shearing increased to 5%/h. The pore pressure rose sharply up to a 
point where it stabilized for awhile. The deviator stress decreased uniformly after reaching the 
stress levei previously applied. A characteristic of both tests is that the stress paths of the 
undrained reloading are very similar in shape and show a very sharp bend where the deviator 
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stress reaches the levei previously attained in the drained portion, showing that the drained 
loading has a very marked influence on the sample hehaviour at )ater stages of the test. 
Anotber test to compare with test 209 is test 211. The sample was also consolidated 
isotropically to 1500 kPa and had very similar initial conditions (Table 6.1 ). The test was 
earried out under undrained conditions from the heginning and large pore pressures were 
generated (Fig. 6.53). A cycle of unloading/reloading shows that the stress path is very much 
affected by the previous loading, as in the drained tests. There is, however, very little doubt 
about its final strength. In fact, a small unloading/reloading caused the stress path to travei 
along the failure line (Fig. 6.54) . The main results are plotted together with the other 
undrained (or partly undrained) tests on Fig. 6.53 and 6.54. Jt again reinforces the conclusion 
that sample 209 clearly failed very much differently than any other sample and analysis of Fig. 
6.52 does not necessarily indicate that the sample was not strained far enough. 
It was briefly noted that the stiffness could he affected by the concentration of stress. 
This also seems to have happened in test 209. For this reason its stiffness results were not 
taken into consideration when drawing the limit lines in Fig. 6.42, 6.43 and 6.44. T he results 
presented in Fig. 6.50 only confirm this point. 
lt may he argued that an unseen factor may he responsible for such a drop in stiffness 
and strength. However, this sample showed very similar isotropic compressibility to the others 
(see for example, Fig. 6.19) and in every other aspect the test was carried out in the same 
manner as the others. 
It is possible that the same effect has occurred on the test carried out by Maccarini 
(1987) a t 900 kPa, as he did not use the load ing button in his tests. The reason as to why the 
other samples did not suffer from the same effe·ct ean only he speculated upon . 
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Sample -yd 
(kN/m3 ) 
201 12.66 
202 12.41 
203 12.61 
204 12.51 
205 12.67 
206 12.53 
207 12.74 
208 12.49 
209 12.54 
210 12.55 
211 12.52 
212K0 12.73 
213 12.43 
G5 = 2.65 
Saturation 
1.053 suction dry 
1.094 suction dry 
1.061 suction dry 
1.077 suction dry 
1.052 suction dry(a) 
1.075 suction dry 
1.040 suction dry 
1.081 suction dry 
1.073 suction dry 
1.072 suction dry 
1.077 suction dry 
1.042 suction dry 
1.091 suction dry 
Local 
measurements 
(1) 
(1) 
No 
(1) 
(1) 
No 
(1 ), (2) 
(1 ), (2) 
(1) 
(1 ), (2) 
(1) 
(1 ), (2) 
(1) 
(a) Small oscillation of vacuum pressure during saturation 
(I) Axial strain 
(2) Radial strain 
Load cell 
attach. 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
No 
Yes 
Yes 
Yes 
Yes 
Tests 210 and 212 were the only ones with reliable radial belt measurements (see text) 
Table 6.1 - Artificial bonded soil - 200 series (133057, soo·C/5h) 
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Test 
201 
202 
203 
204 
205 
206 
207 
208 
209 
210 
211 
212 
213 
Consol. 
(kPa) 
20-600 
25-450 
5-585 
585-1700 
25-600 
20-1200 
25-3300-600 
25-480 
480-3120 
25-750 
25-1500 
25-100 
25-1500 
25-580 
1500 
Rate 
(kPa/min) 
1.0 
1.0 
0.7 
2.8 
3.0 
increm. 
increm. 
1.0 
0.8 
2.1 
1.0 
19 
increm. 
2.1 
increm. 
Bulk stiffness(o) 
(MPa) 
(<a) 48.8(h) 
(c v) 22 
(ca) 170 
(<v) 18 & 25 
(cv) -
(<a) llO(b) 
(<v) 60.3 & 26.1 
(<v)-
(cv) 23.9 
(ca) 60.0 
(<v) 29-33 
(<a) 51.5 
(<v) 22-29 
(<a) 49.5 
(cv) 25.7 
(c a) 77 
(<v) 68.5 
(<a) 42.5 
(cv) 29.2(c) 
2.2 
1.8-4.2 
1.8-2.0 
1.8-2.3 
1.9 
1.1 
1.4 
(a) Considering isotropic behaviour and for pressures in the range 100-500 kPa 
(b) Only one local transducer 
(c) Calculated with radial belt 
Table 6.2 - lsotropic coosolidation of 200 series tests. Pressures bclow 500 kPa 
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Figure 6.1 - Results from triaxial compression tests performed by Maccarini (1987) 
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Figure 6.2 - Test stress-paths and yield points determined by Maccarini ( 1987) 
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Figure 6.3 - Loss of tensile strength versus (a) mean effective stress, and ( b) volumetric strain 
(after Maccarini, 1987) 
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Figure 6.7 - Radial belt proposed by Clayton et ai. {1989) 
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Figure 6.9 - Asscmbly of local transducers for axial and radial strain measurements 
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Figure 6.10 - Arrangement for the calibration of the radial belt 
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Figure 6.14 - Isotropic consolidation test results of 200 serics - summary 
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Figure 6.16 - Volumetric strain of isotropic comprcssion tcsts, 200 serics 
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7. ARTIFICIAL BONDED SOIL- COMPLEMENTARY SERIES 
AND COMPARA TIVE STUDY 
7.1 INTRODUCTION 
This chapter describes tests made on three different mixtures of artificial soil. One 
mixture ha.d no quartz sand (300 series), other had no CFK (00 series) and another had a 
stronger bonding (600 series). The purpose for these changes was to investigate the influence of 
each factor and throw some light on how the factors interact. 
An investigation of the structural arrangement is attempted with the use of micro-
photographs taken on an electron microscope. 
7.2 ARTIFICIAL SOIL 00 SERIES 
This series was used during the preliminary study described in Chapter 4 and provided 
some useful results. The soil was composed of 13% of kaolin (bonding) and 87% of quartz sand 
(no CFK fraction is included). Ali samples were fired at soo·c for 5 hours. 
The samples were saturated using the dry vacuum method and they were loaded using 
the guided top cap and loading button arrangement. Sample 22, however was loaded with the 
conventional arrangement. 
The initial void ratio of the nine samples (Table 7.1) was close to 0.64 and they were 
isotropically consolidated before shearing. Test CIU 1 was the only sample sheared undrained 
from the start. 
7.2.1 Review of previous work 
Fig. 7.1 presents the stress paths followed in tbe undrained tests carried out on soil 
130087 by Maccarini (1987). Tbe dotted Jine represents the result of a test on a remoulded soil 
with a similar intergranular void ratio. The peak vaJues obtained from drained triaxial 
compression tests are also presented (open circles). Tbe void ratio was close to 0.71 (see 
Appendix 1 for details). 
Tbe failure line defined by the remoulded test is very close to a straight line passing 
through the origin with ~'=32.5·. The peak strengths of the undrained and drained tests on 
the undisturbed soil Jay weJJ above this line in the range of O to 800 kPa. After the peak the 
stress path of the undrained tests tends to drop to the failure line defined by the remoulded 
sampJe. An examination of drained stress-strain curves (Maccarini, 1987) shows that they also 
tend to the same envelope after their peak. These tests were carried out without local strain 
measurement and hence no data on stiffness is available. 
7.2.2 Tria.x.ial test results - shearing strength 
The tests only covered the normal range o f stresses used in soil mechanics (<r~< 1000 
kPa, Table 7.1). Fig. 7.2 presents a summary of the test results. Only one of the four tests 
carried out at 60 kPa is presented. The dotted section of test 27 (500 kPa) represents the 
likely behaviour because no data was recorded during that period. Ali tests were sheared at a 
rate of 1%/h until the peak was well defined . 
The axial and volumetric strain results for these tests are presented on Fig. 7.3 and 7.4. 
For the purpose of comparison test. 25 has been presented on both plots. Four tests were 
carried out at 60 kPa (test.s 21 to 24) as a continuation to the preliminary series (Chapter 4). 
Test 22 was carried out without the guided top cap to examine its influence on the stiffness 
behaviour. lnitially ali the samples suffered considerable compression, the onset of dilation 
being almost coincident with the peak strength. 
The failure points of the tests are plotted together in Fig. 7.5(a) and (b). Thc fui! 
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circles represent the peak strength obtained on the drained tests and the crosses indicate the 
strength at the end of the tests (tests 25 and 27). 
The failu re line which passes through the origin agrees with the peak strength of test 28 
and with the strength at the end of tests 25 and 27. This line is the same as that obtained on 
the remoulded soil by Maccarini (1987) (see Fig. 7.1 , c1=0, tP1=32.5"). The peak strength 
envelope is curved up to s1 =900-1000 kPa, after which it appears to be defined by the straight 
line just referred to. The curved envelope of Fig. 7.1 has also been indicated. At pressures up 
to 500 kPa it agrees well with the test results but for higher pressures it drops slightly below. 
There are three special tests worthy of mentioning. Test 26 was carried out as a normal 
compression drained test up to t=220 kPa. It was subsequently unloaded laterally whilst 
maintaining a constant deviator stress. Failure occurred dose to the previously defined 
envelope. Tests 21 and 24 were carried out as normal drained tests up to their peak strength 
(see Fig. 7.3). Once the peak had been well defined, the effective confining stress was increased 
to 170 kPa and 245 kPa respectively. Test 21 proceeded undrained from then on and test 24 
was sheared drained until it once again showed signs of failure at which point the drainage was 
closed. The resulting stress-paths are presented in Fig. 7.5 and the corresponding stress-strain 
and pore pressure curves are given in Fig. 7.6. The interesting point about tbese stress paths is 
that they define very well the shear envelope of the soil. The undrained test carried out from 
an isotropic stress of 60 kPa (CIUl) is also presented in Fig. 7.5 (dotted line). The stress path 
of the test was initially curved to the left (positive pore pressure) and then gradually moved up 
and to the right, with failure occurring close to the curved failu re envelope. The sample 
exhibited a vertical shear plane. 
7.2.3 Triaxial test. result.s - stiffness measurement.s 
Values of secant stiffness were calculated from t.he local measurements of axial strain for 
ali tests, except CIU 1. The results of these calculations at 0.1% axial strain are plotted versus 
the initial confining stress in Fig. 7.7. The stiffness at 0.1% axial strain was chosen because at 
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that strain its determination is not so sensitive to oscillations in the transclucers output or the 
choice of axial strain origin. Ali of the tests were drained at that strain. The stiffnesses 
calculated from externai measurements showed a similar pattern but were typically 20 to 30% 
less than the locally measured values. The results in Fig. 7.7 suggest an increase in stiffness 
with increasing confining pressure, the rate of increase dropping above 300 kPa. At 60 kPa 
there is some scatter with a few samples showing an upward concave stress-strain curve. As 
this was locally measured it is believed to have been caused by the closure of small internai 
fissures. 
A plot of the normalized stiffness versus the confining pressure is approximately linear 
when plotted on a verticallog scale (Fig. 7.8). 
7.3 ARTIFICIAL SOIL 600 SERIES 
The 600 series consisted of only four samples of artificial soil fired at SOO'C for 3 hours. 
Apart from the higher firing temperature, and associated highér bonding strength , the soil is 
similar to 200 series in composition and void ratio (e=l.l). 
Table 7.2 contains the main physical characteristics of the samples and the 
instrumentation used during the tests. Ali of the samples were saturated using the dry vacuum 
method. 
7.3.1 Triaxial test result.s - shear strength 
The results of axial strain and deviator stress are shown in Fig. 7.9. Ali of these tests 
were initially sheared under drained conditions. Two were )ater sheared under undrained 
conditions (601 and 602). Test 604 was the only sample which showed dilatancy but its peak 
strength occurred at a time of almost no dilation . This was the only sample in the series to 
have a visiblc shear plane passing through the middle of the sample (62' to 65 • to the 
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horizontal). The tests carried out at higher confining stresses underwent. compression 
throughout. t.he test. Test 603, which was performed with an effective confining stress of 2300 
kPa, did not seem to have approached the failure Jine and was still showing a steep incrcase in 
stress with strain at the end of thc test. 
The undrained stress paths of tests 601 and 602 are shown in Fig. 7.10(a) and (b) 
together with the maximum shear strength of test 604. The yield points are indicated as 
circles. The failure envelope found for 200 series is also shown. The undrained stress path of 
test 601 (u1=750 kPa) agrees very well with the results of 200 series but test 602 (u13 =1510 
kPa) lies well below it even after considerable axial straining. 
7.3.2 Triaxial test results - stiffness measurements 
The four samples were tested using the guided top cap and both local and externai 
corrected axial strain measurements were used to calculate the stiffness at various strain leveis. 
The resulting plot of stiffness variation versus the initial confining pressure is presented in Fig. 
7 .11. The two lines relate to the stiffnesses calculated from measurements made locally ( open 
circles) and from those made externally (crosses). The behaviour seems well defined with both 
sets of results having a similar trend. It is apparent that there is a large increase in stiffness 
for confining pressures below about 750 kPa and that after this it drops slightly. 
7.4 ARTIFICIAL SOIL 300 SERIES 
Five samples in this series were tested in triaxial compression. The only sand used in 
this artificial soil was crushed fired kaolin fired at soo·c, instead of the usual lOOO"C. No 
quartz was included in the mixture. The preparation procedure was the same as for thc 
previous series except that the amount o f water was increased and more kaolin was addcd ( 16o/c 
by weight). The increasc in the quantity of water was required to obtain a mixture with a 
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similar consistency. Ali samples were again saturated using the dry vacuum method. The 
main characteristics of the five sampJes are presented in Table 7.3. 
7.4.1 Triaxial test resulta - sbear strengtb and yield 
Ali of the results in this series are presented in Fig. 7.12. The tests were carried out 
fully drained and the rate of strain was initially 1 %/h. Following an unloading sequence tests 
302 and 303 were sheared at a faster rate (5%/h) on reloading. Ali samples showcd 
eompression during shear except test 302 which underwent a small post peak dilation. This 
sample together with samples 304 and 305 had a visible shear plane. 
The aamples would seem to have been strained far enough to reach their ultimate 
strength since their stress-strain plots appear to have stabilized. The maximum peak strength 
of each of these tests is shown as a full circle on the stress plot of Fig. 7.13. An interesting 
failure envelope appears to define the shear strength for this series. For s1 smaller than about 
900 kPa, the strength is close to that defined for the 200 series (c1=17.5 kPa, <1>'=35.5' ). 
Bowever, for larger pressures this strength drops dramatically. Tests 305 and 301 (u 1 3 =500 
kPa and 750 kPa, respectively) are on the threshold between the two failure envelopes. Test 
303 (u ' 3=1200 kPa) had a clear indication of ultimate failure being reached (Fig. 7.12) and it 
lies on a Jower failure line. A line passing through the origin with 4>1 =22.5 • (indicated in Fig. 
7.13) may represent the de-structured material 300. 
The analysis of the results presented in Fig. 7.12 gives no indication of any obvious yield 
points and hence )og-Jog plots were produced as shown in Fig. 7.14(a) and (b), to help in their 
identification. Tests 301 and 305 showed bi-linear behaviour with a yield value of t close to 40 
kPa. Test 305 also showed another change of linearity at t=560 kPa. For tests 302 and 304 
only the failure or near failure stress appears to deviate from an otherwise straight line. Test 
303 on the other hand showed a very concave initial curve and an irregular shape thcrcaftcr, 
the drop in stress at around 90 kPa being very noticeable at the time (a Joud noise and the 
load dropped quickly). 
262 
If a yield point were to be selected for each test it would be almost coincident with the 
failure load for tests 302 and 304. Tests 301 and 305 showed a near bi-linear behaviour in the 
region close to 3-4%, with values of 400 kPa and 560 kPa respectively for the yield stresses. 
Test 303 showed a disturbance at small load (100 kPa) and tests 301 and 305 showed also 
what could be called an initial yield. The three most evident points were plotted in Fig. 7.13 
and a speculative dotted line drawn through them. Althougb it seems clear tbat more points 
are required to define tbe surface better, its general form and agreement with the change in 
strength behaviour is encouraging. 
7.4.2 Tri&X.ial test resulta - stiffness measurements 
These artificial soil samples had different characteristics in comparison to the others 
because they do not have the hard grains of quartz. The resulting surface of the trimmed 
samples was mucb more regular since the trimming wire was capable of cutting the grains. 
This led to a reduction in the errors associated with the sample roughness and the externai 
stiffness can be relied upon with more certainty. The results of secant stiffness from local and 
externai measurements at 0.1% axial strain are presented in Fig. 7.15. The stiffness seems to 
have a very small increase with increasing pressure up to 500 kPa followed by a drop in value 
at larger pressures. The externai measurements show the same general trend but with a larger 
variation on both sides of the peak. 
7.5 COMPARA TIVE STUDIES 
The testing of different soil compositions, different firing temperatures (bonding 
strength) and void ratio provides an opportunity to compare the effect of some of these factors 
on the soil behaviour. As described before, in some samples the weaker grains (CFK) werc 
eliminated (00 series), whereas in others the strong quartz grains were not present (300 scrics) 
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and in one series the bonding strength was increased (600 series). Their behaviour is compareci 
below. 
7.5.1 Shear strengtb and yield stresses 
The failure envelopes obtained during this work are presented in Fig. 7.16. Thesc 
envelopes are related to 200 and 600 series (line a), 00 series (line b) and 300 series (line c). 
The results of 100 series (void ratio=l.5) gave a value that is closest to Jine (a) and the shear 
strength envelope of 300 series at higher pressures is much lower than the others. The shear 
envelopes of 00, 200 and 300 series are close together in the curved region at lower stresses (up 
to 1000 kPa). lt seems that the bonding is the main factor in controlling the strength in this 
region and that the mineralogy does not have a significant influence on it. The strength is 
higher for the 600 series (stronger bonding) as shown by the result of test 604 (Fig. 7.17), 
however the envelope for this series was not defined properly in this region. 
In Fig. 7.17, 7.18 and 7.19 the results of tests from each series which were performed at 
similar effective confining pressures are plotted together. At 100 kPa (Fig. 7.17) the influence 
of the bonding is very clear. The remoulded sample REM2 had a void ratio of 0.96 and an 
overconsolidation ratio of 6.2 and stíll ít failed at a much lower stress than the bonded 
samples, whích were isotropícally consolidated (OCR=l.O), with void ratios of 1.1 (samples 210 
and 604) and 1.4 (sample 302). The bonding was the same on samples 302 and 210 
(5oo·C/5h) and st ronger on sample 604 (Soo·C/3h). The st ronger bonding gives the highest 
strength (sample 604) and the two bonding strengths have a marked effect on the stiffness in 
relation to the remoulded sample. 
The behaviour of samples 210 and 302 is also interesting. Here the bonding strength is 
identical and the overall sample strengths are very similar even though the grain mineralogies 
differ. However, it is difficult to compare the strength without considering the void ratio: the 
intergranular void ratio formula gives values of 0.56 (sample 210) and 0.33 (sample 302) (see 
Appcndix 1 ). 
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In Fig. 7.18 the results of tests carried out at 750 kPa effective confining stress are 
presented. Test 208 could not be strained further so its final strength cannot be compared with 
the others. There is a large difference in strength between sample 301 (no quartz grains) and 
sample 601. The same observation can be made for tests 303 and 602 (Fig. 7.19), performed 
at larger confining pressures. It is unlikely that the bonding has much influence at these 
confining pressures and the difference in strength may be caused by the different mineralogical 
composition of the samples. 
The yield surfaces for the different series are plotted in Fig. 7.20. In the low stress 
region the yield stress levei is quite dose to the peak strength and hence the yield would appear 
to be a function of the bonding strength there. However, as the stress increases the behaviour 
changes. The most dramatic change occurred when the void ratio was altered whilst 
maintaining the same material composition and bonding strength. The yield surfaces of 100 
and 200 series represent such case. 
The influence of an increase in bonding strength while maintaining the same void ratio 
and mineralogy can be examined by comparing the yield surfaces of 200 and 600 series. There 
is a considerable increase in the area encompassed by the yield curve but the increase is not as 
dramatic as that corresponding to a change in void ratio (100 and 200 series). 
For confining pressures larger than 1.5 MPa it is not clear where the yield occurs in 200 
series (two dotted lines). However, a clear pattern exists for 300 series. Its yield pressure is 
hlgher than 200 series at 1000 kPa but a dramatic drop occurs thereafter. It seems that the 
kaolin fired at 5oo·c (the only constituent in this series) changes its behaviour at higher 
pressures. The quartz sand and the CFK of 200 series seem to provide an extra strength to the 
mixture at higher pressures. 
7.5.2 Stiffnesses 
The secant stiffness measured at 0.1% o f axial strain provided perhaps the clearest 
pattern of behaviour for the diffcrent mixtures. The values of stiffness are plotted against the 
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confining stresses in Fig. 7.21(a) and (b). In the first figure , the influence of the softer grains 
of CFK in the soil can be seen when comparing the curves of 200 and 00 series. The two series 
have the same bond strength (5oo·C/5h) and a similar structure as measured by the inter-
granular void ratio (0.56 and 0.65, respectively). 
The 00 series shows a large increase in stiffness with pressure up to 500 kPa after which 
it leveis off. 200 series on the other hand increases in stiffness quickly up to around 200 kPa, is 
approximately constant between 200 kPa and 500 kPa following which it starts to increase 
again. The 600 series has a stronger bonding than 200 series and this increased strength shows 
its influence for pressures between 200 kPa and 1000 kPa. 600 series is, nevertheless, much less 
stiff than the 00 series, which does not have CFK. 
Ali the experimental points of the series with CFK are shown on an enlarged scale in 
Fig. 7.21(b). The top shaded area represents the upper limit of the stiffness values of 200 
series, which were most ly derived from local measurements. Different symbols were used for 
each series. 
The following interesting observations are made: 
(•) For the same soil constituents (mineralogy) and bonding strength, a change in 
void ratio can have a large influence on the stiffness behaviour with pressure but, surprisingly, 
this is not evident at low stresses. For example, at 100 kPa the stiffness is 105 MPa for 200 
series (e=l.l) and 90 MPa for 100 series (e=1.5). The behaviour was totally modified, though. 
for confining stresses larger than 100 kPa for the high void ratio 100 series. 
(b) For the same void ratio (structure) and mineralogy, an increase in bonding 
strength makes the soil stiffer at intermediate pressure leveis. For low pressure leveis, though. 
the stiffness is surprisingly dose. For example, at 100 kPa the stiffness is 115 MPa (600 
series) and 105 MPa (200 series). As the pressure is increased the weaker bonded soil seems to 
pass through a change of behaviour. First a more or less constant stiffness value and 
subsequently at larger pressures the stiffness starts to increase again. The same behaviour may 
well occur with 600 series for pressures in excess of 2000 kPa. 
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(c) When the results of 300 series are compared with those from 200 senes (samc 
bonding strength) it is evident that both series have similar behaviour for pressures up to 500 
kPa: for a 100 kPa confining stress the stiffness is 115 MPa (300 series) and 105 MPa (200 
series) whereas for 300 kPa they are 125 MPa and 135 MPa respectively. The two series also 
show a similar range of pressures at which the stiffness tends to stabilize, but 300 series has a 
drop in stiffness for pressures above 500 kPa whereas the stiffness of 200 series presents anothcr 
increase. It seems clear that the behaviour of 200 series has been influenced by the presencc of 
quartz and CFK grains which bad a stiffening influence under increasing pressure. The 300 
series seems to have been disturbed and its structure was unable to present further increase in 
stiffness. Note that the inter-granular void ratio of 300 series is 0.33 whilst its mineralogy is 
composed of only one material. 
These observations correspond well with those made in respect of strength and yield 
pressures. An illustration ofthe stiffness variation can also be seen in Fig. 7.17 and 7.18. 
The sample behaviour under isotropic consolidation was also examined. The 
deformation of 300 series is approximately linear in nature (Fig. 7.22) with an average bulk 
stiffness of 24.2 MPa. Test results of 600 series are shown in Fig. 7.23. Ali of the tests 
followed a similar pattern with a strongly curved initial part. As the pressure increased they 
behaved in a more linear way. The bulk stiffness of the latter line is close to 89 MPa. 
Although not many results were gained for these two series, the patterns seem very well 
established. 
The resulta of 300 and 600 series are plotted along with those obtained from 200 series 
in Fig. 7.24. Although some of the samples in 200 series presented an initially cur\'ed 
compressibility line the pattern is more pronounced for 600 series and it is almost inexistent on 
300 series. lt is likely that this higher initial compressibility corresponds to the closurc of 
fissures and cracks created by the firing process (see microphotographs }ater). Thc 
mineralogical uniformity of 300 series seems to have prevented any significant crack formation. 
In 200 and 600 series the fissures were probably formed by the different thermal expansion 
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properties of the quartz and kaolin. This hypothesis agrees well with the observation that an 
increase in temperature (600 series) caused a larger initial compressibility. Nevertheless, once 
the cracks had closed , the influente of the higher bond strength was not iceable in the st.iffer 
behaviour of 600 series (Fig. 7.24). 
7 .5.3 Permeability 
The permeability of some of the samples was measured whilst the sample was in thc 
triaxial cell. Previous research has related the change in permeability to structural changes 
and it may help to indicate such changes here. 
The measurements made on samples from 100 series and on the remoulded samples gave 
values of 2.5 x 10-6 m/s for the former and between 0.4 and 6.5 x 10-6 m/s for the latter 
(Table 5.3). 
Sample 601 had its permeability measured at different stages and the results were as 
follows: 
k = 5.5 x 10-6 m/s 
.k = 0.8 x 10-6 m/s 
.k = 0.1 x 10-6 m/s 
k = 0.07 x 10-6 m/s 
(initial , e = 1.1) 
(after consolidation at 750 kPa, e = 0.96) 
(ca = 15.5%, drained, e= 0.81) 
(end ofundrained test, ca = 20.5%, e= 0.81) 
Sample 302 presented the following permeabilities: 
k = 0.2 x 10-6 m/s (initial, e= 1.4) 
.k = 0.02 x 10-6 m/s ( end o f test, shear plane, c a= 5.9%, e = 0.81) 
7.6 MICROPHOTOGRAPHS OF ARTIFICIAL SOIL 
The microphotographs presented here were taken using a scanning electron microscopr 
in the Department of Geology, Imperial College. The samples to be examincd wen· 
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impregnated with epoxi resin, cut in half and mounted on a glass plate, then ground down to 
the thickness required for the examination. The assembly was carried out in the Department 
of Geology workshop. All images were produced using tbe back scattered electron imagc 
technique. 
Fig. 7.25 shows the images obtained from an undisturbed sample of 100 series for two 
amplifications: x30 [Fig. 7.25(a)] and xlOO [Fig. 7.25(b)]. The tbree soil components can be 
identified easily by tbe different shades of grey. The white grains are quartz sand , the pale 
grey grains are the crushed fired kaolin which was fired at 1000•c and the dark grey arcas are 
tbe bonding kaolin wbich had been fired at soo·c. The black spaces are voids and their 
irregular form is due to their different origins, i.e: wax sand that occupied some of them; air 
bubbles trapped in the original wet mixture (circular ones}; voids originally water filled. 
The figure shows that the spatial arrangement of the grains is maintained by bridges of 
the bonding which tend to coat ali of the particle surfaces. There are few direct grain-to-grain 
contacts and some areas present a larger proportion of voids than others. 
Fig. 7.25(b) is an enlarged detail of the same area shown in (a) (bottom left corner). 
The quartz grain shown has a direct contact with one of the CFK grains but ali of the other 
grains seem to be coated. lt is interesting to note that there are a large number of fissures in 
the contacts between the bonding and the grains. The most likely cause of this was 
contraction due to cooling following the firing process. Despite the occurrence of fissures the 
bonding material is present between most of the grains, locking them spacially in place. 
Some of the quartz grains also show internai cracks. These may have been caused either 
by the heating/cooling process or by the grinding of the samples. They are, however, in 
general very thin and they do not appear to have had any significant influence on the samplc 
behaviour as it will be shown )ater. 
Microphotographs of an undisturbed sample from 200 series are shown in Fig. 7.26(a ) 
and (h) with the same magnifications as before. The image of the quartz grains has been over-
exposed in the higher magnification (pure white grains). The detail in Fig. 7.26(b) represcnts 
269 
the central part of the first microphotograph. 
In this sample the cracks were fewer in number but the general characteristics of thc 
artificial samples are once again evident i.e.: bonding bridges and coating of the grains. Therc 
are far fewer voids in relation to the previous sample since no wax was used in the mixture. 
Three other samples of artificial soil were prepared and photographed in the same way 
after being tested in triaxial shearing. Fig. 7.27 and 7.28 are the images of one sample from 
100 series and one from 200 series respectively. Both samples were tested at an effective stress 
of 100 kPa and loaded to approximately ca=2.0%. 
There is little difference between these two images and those obtained from thc 
equivalent undisturbed samples. A higher concentration of cracks in the bonding and in the 
grain contacts seems to have occurred but this effect is difficult to quantify. The relatively 
small strain to which the samples were subjected did not significantly change the soil structure, 
although the test results have clearly shown the yield stresses. 
The second sample from 200 series to be photographed after testing was isotropically 
consolidated to 3250 kPa and then unloaded to 600 kPa and sheared . The shearing stagc 
subjected it to a strain of ca=22% and its final void ratio was 0.62 (sample 206). The denser 
structure is easily seen in the microphotograph (Fig. 7.29). The test procedure caused 
widespread distortion and breakage of the CFK grains and shattering of the bonding material 
in many places. The quartz grains on the other hand were unaffected by the loading. 
270 
Test 
21 15.62 0.653 
22 15.62 0.653 
23 15.53 0.663 
24 15.57 0.658 
25 15.66 0.649 
26 15.69 0.645 
27 15.90 0.623 
28 15.77 0.637 
CIUl 15.81 0.632 
G5 = 2.631 
(a) Four local transducers 
O'~ 
(kPa) 
60 
60 
60 
60/245 
200 
300 
500 
700 
60 
Local 
axial strain 
(a) 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
No 
Guided 
top cap 
Yes 
No 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
Table 7.1 - Artificial soil 00 series (130087, SOO"C/5 h) 
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Test 
601 12.37 1.102 
602 12.27 1.118 
603 12.59 1.065 
604 12.45 1.088 
G5 = 2.65 
(a) Axial and radial measurements 
O'~ 
(kPa) 
750 
1510 
2300 
110 
Local 
axial strain 
(a) 
Yes 
Yes 
(a) 
Guided 
top cap 
Yes 
Yes 
Yes 
Yes 
Table 7.2 - Artificial soil 600 series (133057, 800.C/3b) 
Test 
301 10.14 
302 10.25 
303 9.89 
304 10.25 
305 10.24 
G5 = 2.51 
1.428 
1.402 
1.490 
1.402 
1.405 
O'~ 
(kPa) 
750 
100 
1200 
300 
500 
(a) Axial and radial strain measurements 
Local 
axial strain 
Yes 
(a) 
Yes 
Yes 
Yes 
Guided 
top cap 
Yes 
Yes 
Yes 
Yes 
Yes 
Table 7.3 - Artificial soil tests 300 scries (168400, CFK fircà 
at 5oo·c, bonding at 500.C/5 b) 
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Figu re 7.11 - Sccant stiffncss detcrmincd at 0.1% axial strain versus initial confining 
prcssurc - 600 scries 
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Figure 7.25 - Microphotographs of undisturbed sample of artilicial soil 100 series: 
(a) x30; (b) xlOO 
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Figure 7.26 - Microphotographs o f undisturbed sample of artificial soil 200 series; 
(a) x30; (b) xlOO 
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Figure 7.27 - Microphotographs of samplc 106 aftcr triaxial tcsting (cr~=IOO kPa, 
ca=2%, ef=l.23) 
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Figure 7.28 - Microphotographs of sample 210 after triaxial testing (u~=lOO kPa , 
ca= 2%, er= l.07) 
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8. CORINTH MARL 
8.1 INTRODUCTION 
The study of the Corinth Mar! started after contacts between Prof. A. Anagnostopoulos 
of the National Technical University (NTUA), Atbens, Greece, and Imperial College {IC). An 
arrangement was made in which fresh samples were collected under the supervision of Prof. 
Anagnostopoulos, trimmed to triaxial sample size and sent to the author to be tested. 
Agreement was also made concerning the testing programme: conventional triaxial drained 
tests would be carried out at NTUA and IC covering the effective confining pressures range of 
0..4 MPa. Special stress-paths tests were also considered in order to examine tbe failure Jine 
close to the origin. Nine conventional drained tests were carried out at NTUA and another 
seven special stress-paths tests were performed at the Research Centre Laboratory of the 
Ministry of Public Works (KEDE), also in Greece. The results of these tests were sent to the 
author by Prof. A. Anagnostopoulos and they are induded in this thesis, together with the 
results of the fifteen tests performed by tbe autbor at IC. The material bas some interesting 
mechanical characteristics, as will be shown, and some resemblance to the artificial soil 
behaviour. 
In the description of the results, the two series are presented so that they are clearly 
identified. In most respects, the results are directly compared as the samples are from the 
same site and were tested under similar conditions. Note, however, that the NTUA results 
were ali obtained using externai strain measurements, whereas tbe IC results were obtained 
using local axial st.rain inst.rumentation. 
8.2 LOCATION AND GEOLOGY 
The Corinth Canal is an important navigational feature in Greece connecting the 
Corinthian and Saronic Gulfs. The canal was completed in 1893 and it has a maximum height 
of 75 m above water level (8 m depth of water) and its walls have slopes of 75·-8o· (5:1). The 
canal is 6.3 km in Jength and, although subjecled to earthquakes on a number of occasions, it 
has a satisfactory performance in terms of stability (Christoulas et ai., 1984). The broader 
area of the isthmus of Corinth belongs to the sub-Pelagonian geotectonic zone of Greece. 
Using the X-ray diffraction method and chemical analyses, Anagnostopoulos ( 1989) 
obtained the average composition shown in Table 8.1 for a number of samples of mar! at 
different depths in the Corinth region. The grading (Fig. 8.1) from oven-dried samples shows a 
clay size fraction ( <2pm) of 13-24%. lt seems likely that this fraction contains some calei te 
and quartz as there is a smaller percentage of clay minerais ( <10%) (Table 8.1). Liquid and 
plastic limits were determined from oven-dried samples. The liquid limit varied between 25% 
and 37% and the plasticity index between 3% and 12%. 
Tests made at NTUA by Anagnostopoulos (1989), on samples collected from the same 
)ocation as those used in this work gave the following results: 
Chemical analysis: Calcite 56%, quartz 24%, illite 10%, plagiocase 5%, chlorite 2'/t, 
kaolinite 2%, and muscovite 1%. 
Other pro~rties: LL 28%, PL 20%, G5 =2.72, WC=19-21 %, percentage passing 0.074 
mm sieve = 98%, degree of saturation = 90%. 
There are some differences in the amount of quartz, calcite and illite present in the 
Corinth canal samples compared with those collected around the area (see above) but the 
Atterberg Jimits are within the same range. 
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8.3 PREVJOUS WORK 
Anagnostopoulos (1989) presented tbe results of a series of triaxial tests on tbe bluish 
grey marls of the Corinth Canal. They were performed on 38 mm diameter samples which 
were sheared undrained after isotropic consolidation. Cell pressures of up to 3.5 MPa were 
used with back pressure used for saturation. The maximum Mohr circles obtained are shown 
in Fig. 8.2. 
The failure envelope shows some curvature and tends to 4/ =30• at confining pressures 
greater than 2 MPa. He also presents data on residual strength of the marl, obtained from a 
ring shear apparatus such as described by Bromhead (1979). Twelve of these tests were 
performed with vertical pressures in the range of 50-400 kPa. The residual friction angles were 
ali between 31• and 32•. 
The stress paths of these triaxial tests were sent to the author by Prof. Anagnostopoulos 
during this research (Fig. 8.3). A straight failure line can be assumed with values of 9'>'=26.2. 
and c1=300 kPa. The shapes of the stress paths are interesting: the samples consolidated at 
pressures less than 1.5 MPa showed remarkably lit tle increase in pore pressure up to failure. 
Although ali the samples had been saturated before shearing, they had been allowed to 
dry prior to testing due to inadequate storage (Anagnostopoulos, 1989), and this may have 
influenced the results. 
More recently Kavvadas (1990) analysed data from tests from a new sample batch. 
Block samples were taken just above water levei from the canal wall and trimmed to size in 
the laboratory. He also performed some tests on de-structured material (remoulded and 
reconsolidated, and slurry samples), both in terms of strength and compressibility. lt is 
important to note that the samples are from the same location as those used in this thesis. 
Fig. 8.4 shows consolidation curves for intact and reconsolidated samples, together with 
the results from a sample consolidated from a slurry, obtained from both isotropic and one-
dimensional compression tests. There is a very large difference in behaviour even when the 
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initial void ratios are similar. Kavvadas (1990) indicated two yield points: at 3250 kPa and 
at 4000-5000 kPa, following Vaughan (1985) . Note that even after this second yield the intact 
sample still remains at a considerable higher void ratio {0.545) than the de-structured sample 
(0.408). 
Fig. 8.5 shows the results of five drained triaxial tests on the intact marl. The samples 
consolidated at 98 kPa and 294 kPa isotropic effective stress showed a clear peak followed by a 
gradual reduction in stress. Kavvadas noted that the maximum dilation rate occurs at 
approximately the same stress as the peak stress. At higher stresses, the samples compressed 
throughout the test and the compression rate was more or less proportional to the 
consolidation pressure. 
The maximum deviator stresses obtained from the complete set of drained tests are 
plotted in Fig. 8.6, together with the yield points, defined as the point of abrupt change in 
stiffness during the tests. The yield curve defined closely resembles those found for the 
artificial soil and, as the others, seems to be centered on the isotropic axis. 
The stress-paths of a number of consolidated undrained triaxial tests carried out. on the 
intact material are shown in Fig. 8.7. Tests carried out from consolidation pressures larger 
than 2 MPa exhibit a different behaviour from those started at lower consolidation pressures, 
due to excess pore-pressure generation. The peak strength points of ali of the samples are 
plotted in Fig. 8.8. Kavvadas (1990) suggests a straight Jine failure envelope for pressures 
below 2000 kPa with parameters 4>1=26.5. and a 1=300 kPa (or c1=335 kPa), and 4>'=33.4 . and 
c' =O for higher pressures. 
Although Kavvadas says that the latter are the same parameters for the de-structured 
material (4>1=33.4·, c1=0), the data presented in his paper indicate otherwise (Fig. 8.9). The 
final normalised strength, (u 1-u 3)/2u~, for the drained tests lies in the range 1.6 to 1.92, 
corresponding to 4>1 of 38• to 41", considerably higher than the value mentioned previously. 
Ali of the yield points determined from drained and undrained tests for the intact 
material are plotted on a graph ofq (=u1-u 3 ) versus p1 (:::u 11+ 2u13 /3) (Fig. 8.10) and they 
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define an ellipse centered on the isotropic axis. 
8.4 TEST RESULTS 
8.4.1 Sample preparation and testing procedures 
Ali samples tested at NTUA were trimmed from blocks to a very closely specified size. 
Filter paper strips were used around the sample but leaving a clearance (8 mm) between the 
strips and the bottom porous stones. For pressures up to 1500 kPa two 0.3 mm thick 
membranes were used. For higher pressures, two thicker membranes (0.55 mm) were used. 
Saturation started with an isotropic effective stress of 20 kPa with a back-pressure of 10 kPa 
for 2-3 hours. The pressures were then increased to 440 kPa and 410 kPa over a period of four 
days. Three pilot tests gave B values of 0.95-0.97. The pressure used in consolidation was 
applied undrained as a further check of the saturation (again, B=0.95-0.97 typically). The end 
of consolidation was obtained from plots of .:l V versus .ft, During drained shear a constant. 
strain rate of 0.71%/h was used. 
For tests carried out at IC a similar procedure was employed. While the high pressure 
system was being developed some tests were performed in a conventional triaxial cell, limiting 
the maximum value of back-pressure used. The samples were saturated by use of back-
pressure with the cell pressure and back-pressure increasing simultaneously at 1 kPa/min up to 
back-pressures between 300 kPa and 500 kPa. These pressures were typically held for 3-4 days. 
Filter paper was not used. Values of B=0.95 were obtained after the first step of 
consolidationfsaturation (normally o-~=100 kPa). The strain rates used were 0.18%/h and 
1 %/h during the shear stages, the former being used in ali initial parts of drained tests. 
8.4.2 Consolidation behaviour 
Two consolidation tests were carried out at NTUA. The first was a normal oedometer 
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test in a sample with dimensions H=l9 mm and ~=70 mm. The results are shown as vertical 
st rain versus the logarithm of vertical pressure in Fig. 8.ll(a) and the vertical strain versus the 
pressure to natural scales in Fig. 8.11(b). From plot (a) it is difficult to identify the point of 
maximum curvature necessary to obtain the maximum pre-consolidation pressure, but it 
appears to be in the order of 2-3 MPa. Note that the compression above this pressure is not 
linear in the log scale. From plot (b), three near linear portions can be identified. The 
deformation tends to increase with pressure at about 2.4 MPa. The vertical stiffness then 
remains constant up to 5.0 MPa when there is further increase in deformation. This behaviour 
is not common in soils and the two yield points may be associated with the breaking of 
bonding/structure and the breaking of individual particles. 
One isotropic compression test was also carried out. The results are shown in Fig. 8.12 
on both logarithmic and natural scales. In this test the change in compressibility is more 
gradual although it shows a change in behaviour at around 2-3 MPa. 
Physical characteristics of the samples sent to IC are given in Table 8.2. The natural 
water content was measured from the trimmings of each sample. l t underestimated the water 
content of the whole sample by 1.2% on average. This indicates that the samples were well 
kept during the storage period. Some of the samples had high degrees of saturation. 
Volumetric and axial strain were plotted versus pressure in Fig. 8.13 and 8.14 using the 
results of the isotropic consolidation phases of the tests carried out at IC. Ali of the samples 
swelled (as measured by the negative axial strain) at pressures smaller than 100 kPa. 
Unfortunately, the volumetric strains could not be measured accurately at the beginning of the 
tests due to simultaneous intake of water for saturation. The zero reference value was adopted 
after full saturation in the first step of consolidation. Otherwise, no corrections have been 
applied to the results as the membrane penetration error is negligible due to the smoothness 
and uniformity of the samples' surfaces. 
The results of different tests shown similar trends, especially for volumetric strains. The 
scatter is surprisingly small considering that the data came from eight different samples. Test 
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111 showed some creep after the normal period of consolidation and was left for 90 h {the 
arrow indicates this creep). lf the logarithmic stress scale is used [Fig. 8.13(a)] it is possible to 
define an isotropic yield between 2300 and 2500 kPa. The same data plotted on natural scale 
gives a yield between 2400 and 2750 kPa [Fig. 8.13(b)]. In this plot the scatter is larger, 
especially for tests 2 and 3. 
Using the results of local axial strain measurements, a second figure of strain versus 
pressure was produced (Fig. 8.14{a) and (b)]. The results of test 2 were considerably different 
to the others and it was not considered in defining the yield pressure. The shaded areas in Fig. 
8.14(a) and (b) represent the likely limits of axial deformation and the intersections of tbese 
lines give values of 2300-3200 kPa (logarithmic scale) and 2350-3250 kPa (natural scale). 
Using Fig. 8.13(b), a bulk compressibility of 260 MPa can be obtained for the pre-yield 
phase. Tbe po5t-yield value drops to 35-48 MPa. 
8.4.3 Streogth characteristics 
8.4.3.1 Failure parameters from conventional tests 
The author performed fifteen triaxial tests on intact samples of Corinth Marl: seven 
undrained compression tests and six drained compression tests were carried out after isotropic 
consolidation; two other samples were tested in one-dimensional compression. The main 
details of tbese tests are sbown in Table 8.3. 
Fig. 8. 15 and 8.16 show the results of drained tests carried out on the marl. Ali of the 
tests were sheared initially at 0.18%/h and )ater some had the r ate increased to 1 %/h. This 
change has a marked local effect on the stress-strain curves (showing a sudden increase in 
stress) but it does not seem to significantly affect the ultimate strength (see tests 11 , 18, 110, 
and 111). Test 16 was not taken to failure, but was instead unloaded and, after a stabilization 
period, carried out as an undrained test ( test 17). Ali of the drained tests, except test I J, 
compresscd throughout the test with volumetric strain variation being more or lcss 
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proportional to the confining stress applied. Even after well defined failure at large strains, 
tests IlO and Il1 continued to sbow some increasing volumetric strain. Tbe other surprising 
feature of these tests was the occurrence of well defined shear planes together with general 
bulging on samples IIO (2750 kPa) and 111 (3250 kPa) and bulging of sample 11 (525 kPa) 
when the opposite would be expected (Farmer, 1983; Goodman, 1989). In test Il the 
maximum rate of dilation occurred simultaneously with a more or less constant load. 
Seven undrained shear tests were also carried out. Five of the test results are shown in 
Fig. 8.17. Ali of the samples were initially sheared at a strain rate of 0.18%/h. However, 
sarnples 12 and Il2 had the strain rate increased to 1%/h )ater, and for the sample 12 this had 
a significant effect on the pore-pressure generation and the resulting stress-strain curve. Shear 
planes were observed on samples 14, 15 and Il2, while the others showed slight bulging. The 
shear planes of both tests sheared starting from u~=lOO kPa intersected the pedestal , having 
developed near the base and not at the sample mid-height. The shear planes were at angles of 
67. and 60. to the horizontal for tests 14 and Il 2 respectively. The different behaviour of test 
14 to the others is quite striking and will be discussed !ater. 
Using the peak strength from both drained and undrained tests, a straight failure tine 
with 4>1=33.8. and c1=60 kPa seems well defined over a large range of stress (Fig. 8.18). The 
same failure line fi ts the data well in the s1 range O to 1000 kPa (Fig. 8.19) with the significant 
exception of test 14 which attained a stress ratio (t/s') higher than any of the other tests. It is 
remarkable that the stress paths of three undrained tests (12, 13 and 15) converged so closely. 
Table 8.4 gives the main characteristics of the samples and results from the tests carried 
out at NTUA. Note that these samples are ali from the same batch as those tested by the 
author at JC. 
Fig. 8.20 shows the results of the eight drained tests performed at NTUA. Like test ll , 
sample N8 (505 kPa) was the only one to show any dilation during the test and it also had the 
peak strength coinciding with the onset of dilation and not with the maximum dilation rate. 
The compression of the samples seems to increase with the initial consolidation pressure. 
314 
Comparing the peak strength of these tests with the ones carried out at IC it seems that the 
NTUA results showed a larger scatter, with a tendency to exhibit lower strengths (Fig. 8.2l(a) 
and (b)). However, the straight line defined above seems adequate in describing the strength of 
ali of the tests. 
8.4.3.2 Failure envelope at low stresses 
The data presented so far seems to indicate a linear failure envelope for ali drained tests 
and for most of the undrained ones, the notable exception being test 14. In order to check the 
results of this test, it was considered necessary to perform some special tests. Six tests (N 1 to 
N6) were carried out in Greece, at the soil mechanics laboratory of the Ministry of Public 
Works (KEDE), at the request of Prof. A. Anagnostopoulos. Samples from the same batch as 
those tested by the author were used. The samples were isotropically consolidated at a range 
of stresses between 150 and 900 kPa. Four samples were loaded conventionally in drained 
compression and then, wbile maintaining the value of t constant by manual control, were 
laterally unloaded until failure. The resulting stress-paths and failure points are shown in Fig. 
8.22. The results of the two other tests, sheared at constant p1, are also sbown in the figure. 
Test N6 almost reached the line of zero lateral stress and had to be loaded further as a 
conventional drained test. Ali of the failure points of tbese tests are well above the previously 
defined failure line. 
Another test was then carried out at JC (113) to verify this behaviour. The sample was 
consolidated isotropically to 490 kPa, loaded drained to t=710 kPa and partially unloaded. 
This reduces the creep and allows better control of the constant load part of the test. A value 
of t=500 kPa was held constant while the effective radial stress was reduced at 1.6 kPafmin 
(Fig. 8.23). The sample was able to sustain a stress ratio larger than the limit defined by the 
conventional tests. The effective cell pressure dropped to 10 kPa (point A in the figure) and 
the sample was then strained fur ther under this constant cell pressure and at a constant rate. 
A clear shear plane developed !ater (point B) which intersected the pedestal, with an angle of 
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approximately 75• to the horizontal. The apparent reduction of axial strain after point B was 
due to stress relief of the two separate blocks each containing one local transducer. The 
externai t".xial strain increased by 0.4% from point B to the end. 
The results of the tests carried out under a constant t are plotted together with the 
stress-path of test 14 in Fig. 8.24. Parts of the stress paths of tests made at KEDE are 
sketched. Also marked on the figure are two failure !ines; one represents the overall behaviour 
of most of the samples (lP'=33.8. and c'=60 kPa), the other is the line proposed by Kavvadas 
(1990) (lP'=26.5", c'=335 kPa). 
The line with parameters ~'=33.8", c'=60 kPa seems to represent the basic strength of 
the intact material as it seems to be valid over quite a large range of stress. It is interesting 
that it marks the lower bound of most undrained tests at values of s' less than 1.5 MPa and it 
represents the limit for ali conventional drained tests carried out for this thesis, regardless of 
the pressure range. 
To investigate the shear strength of the material for pressures below 1.0 MPa, it seems 
necessary to carry out special tests with reducing lateral pressures. They appear to be the most 
effective way to define the maximum stress r a tio attainable repeatably. Occasionally an 
undrained test may reach the same ratios, as was the case for test 14. However, this is rather 
fortuitous as demonstrated by the results of test 112 which failed at a much lower stress ratio 
despite having a similar void ratio and test conditions to 14. 
The curved failure envelope obtained from the special drained tests at KEDE together 
with tests 113 and 14 has a close resemblance to that obtained from the results of tests on the 
artificial soil: it can only be assessed properly with special stress-path tests and indicates. 
because of its curvature towards the origin, that the tensile strength is small. 
8.4.3.3 Tensile strength 
To investigate the tensile strength of thc intact Corinth Mar) directly, tive cylindrical 
samples were tcstcd in the Brazilian test (diametrical comprcssion). Two samples originally 
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trimmed for triaxial testing were cut to produce small cylinders for testing. Three of these 
cylindrical samples were put inside a conventional triaxial cell for saturation with back-
pressure in the same way as the triaxial samples. After saturation they were assembled in the 
testing rig described by Maccarini (1987), submerged in water and loaded at a constant rate of 
strain. The three tests gave the following values of tensile strengtb (samples saturated and 
submerged): 
(a) sample 1 - 9.0 kPa 
(b) sample 2 - 16.0 kPa 
(c) sample 3 - 15.0 kPa 
Such fine grained material may also develop large suctions when partially saturated. To 
test this influence, two more tensile tests were carried out in which the samples were also 
saturated with back pressure as described above. However, they were tested in air, so that 
suction could develop both by evaporation of the water from the surface and due to the sample 
dilation during testing. 
The first sample tested this way (sample 4) gave such a high apparent tensile strength 
that a second modified test was carried out. The sample was loaded with the surface dry up to 
a certain load levei when it was wetted on the outside via a plastic bottle nozzle (the arrow on 
test 5, Fig. 8.25). The stiffness was clearly affected and the final apparent strength is an 
intermediate value between the previous set of results (submerged) and the surface dry one 
(t.est 4). The results obtained are (both samples were saturated): 
(c) sample 4 - 73 kPa (dry surface) 
(d) sample 5 - 29 kPa (wet surface) 
These results indicate that the drained tensile strength is comparable with that of the 
200 series artificial soil and that its value is consistent with the curved envelope of Fig. 8.24. 
It also shows that the suction developed due only to the dry surface can considerably increase 
the available strength and may play some role in the field stability. 
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8.4.4 Yield 
The test results obtained at JC and in the Greek laboratories (NTUA and KEDE) were 
analysed to verify if yield occurred in the same way as for the artificial soil. 
The tests carried out at IC had local strain instrumentation installed on the samples 
and this allowed a much closer examination of their small strain behaviour. Their stress-strain 
results are shown in Fig. 8.26 and the points of change in behaviour, adopted as yield points, 
are indicated by dots. An important result was obtained from test 111 ( u' 3 =3250 kPa) as it 
shows a clear yield point much lower than those shown by others tested at lower confining 
stresses. 
The same yield points can also be defined when Jog-log plots are used (Fig. 8.27). The 
tests show a bi-linear behaviour, except for test 11 which had a yield almost coincident with 
failure. Values of the yield pressure were obtained from the intersection of the two straight 
lines for each test. 
The same kind of construction and criteria were applied to the results of tests carried 
out in Greece. Fig. 8.28(a) and (b) shows the natural scale results and the yield points selected 
and Fig. 8.29 the plots using logarithmic scales. lt is interesting to note that, although the 
small strains are unreliable on these tests, both kinds of plots show relatively clearly defined 
yields. The results of test N 15 show a different pattern to those of the other tests, especially in 
log-log scales, where it does not show bi-linear behaviour. 
The radial strain behaviour of the samples tested at IC was also examined and the 
results are plotted as t versus radial strain in Fig. 8.30. The yield points selected from Fig. 
8.26 are also marked on the test curves. In most of the tests they are in a region of clear 
change in behaviour and this is particularly so for tests 16, 18, 19, and 110. The result of test 
Ill is clearly different to the others and its yield point is in a region where there is no change 
in radial strain. 
Although this plot is useful for confirming the yield points selected, it would be difficult 
to select them using this plot alone. It is worth also mentioning that the errors in radial strain 
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are relatively small for tbe Corinth Marl due to the smootbness of tbe surfaces. 
The yield points determined from ali of the triaxial tests are plotted in Fig. 8.31. The 
isotropic yield is also marked (range 2800-3250 kPa) taken from tbe results shown in Fig. 8.13 
and 8.14. Tbe results obtained at IC seem to plot slightly above tbe Greece results. As the 
samples are identical, the most likely explanation for tbis difference would be the conventional 
loading ramftop cap arrangement used in the Greek Jaboratories and tbe stress concentration 
associated with it (see Cbapter 4). 
Tbe yield curve obtained seems less centered on tbe isotropic axis tban those found for 
the artificial soil (Chapters 5 and 6) or for the Corintb Mar) by Kavvadas (1990). Although 
there are few results of isotropic consolidation at high pressures (at IC the maximum pressure 
applied was 3250 kPa) the results of isotropic tests presented here seem to indicate the same 
range of yield pressure mentioned above (Fig. 8.13 and 8.14). 
8.4.5 Seca.nt stiffness 
lt seems evident from Fig. 8.26 and 8.28(a) and (b) that the secant stiffness from 
individual drained triaxial tests increases with effective cell pressure up to 3500 kPa. For the 
IC tests the stiffness dropped substantially in the test with the highest confining pressure (test 
111). A similar effect was observed in tests Nl5 and Nl6. The secant stiffnesses of the IC tests 
are plotted versus initial confining stress in Fig. 8.32(a) and (b) . Results of both drained and 
undrained tests are given on each plot. The pattern of stiffness variation seems well defined 
and for the larger strain ((a=0.2%) there is a clear drop in the stiffness for the test at 3250 
kPa. The normalized stiffness follows the same pattern as for the artificial soil, having a 
tendency to stabilize at large confining pressures (Fig. 8.33). However, at the highest pressure 
the stifness is smaller than might be expected. 
The results of the tests carried out in Greece cannot be used to obtain stiffnesses at such 
small strains, but by using stiffnesses at (a=l.O%, a reasonably clear picture emerges (Fig. 
8.34). Although they ali have similar stiffnesses, the variation with the confining pressure 
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appea.rs to be well defined. lt is probably more than just coincidence that the test at 3500 kPa 
showed a drop in stiffness consistent with the results obtained at IC. 
8.4.6 One-dimensional compression testa 
Two samples were loaded in one-dimensional compression using the radial belt described 
in Chapter 6 to monitor the radial strain. The first sample (114K0 ) was tested using 
conventional triaxial equipment. The stress-path triaxial cell was used and this limited the 
maximum effective cell pressure used to 950 kPa. The second test (115K0 ) was carried out in 
the bigher pressure triaxial cell described in Chapter 6. The test was carried out up to an 
effective cell pressure of 3250 kPa. The radial belt withstood this high pressure and its 
behaviour during the whole test was satisfactory. 
The first test was carried out with manual control of the effective cell pressure so as to 
maintain the radial belt readings within a certain tolerance. The control was successful in 
maintaining the radial strain smaller than ± 0.001% (±0.4 pm) for most of the test. On only 
three occasions the radial strain went as far as ±0.005% but it was quickly restored. A cycle 
of unloading/ reloading was carried out and the results in terms of stress-path and strain are 
smooth and similar to those for artificial soil (Fig. 8.35 and 8.36). The stress-path climbed 
steeply to near the failure line and then bent to the right. Note that this test was started after 
the isotropic consolidation/saturation had finished, with u' 3 =250 kPa. 
Although the result seems to agree well with the general pattern described in Chapter 2 
(Fig. 2.8), the final part did not define this trend clearly, as the stress-path seems to be curving 
down. To investigate the behaviour of the material at higher pressures test 115K0 was carricd 
out. The one-dimensional test started after isotropic compression to an effective stress of 500 
kPa. The electrical signal from the radial belt was used as feedback for the pressure control 
source, thus making the test automatic. Occasional operator intervention was neccssary to 
keep the strain inside tolera nce d uring the initial loading. Later, while left unattended for 
some time, the control mis-funclioned and the radial strain was not kept constan t un t il manual 
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control was re-restablished, bringing the strain back within the limits. The test also had a 
cycle of unloading and reloading. During most of tbe test the radial strain was maintained 
typically inside ±0.003% {±1.11-'m), particularly on the unloading/reloading cycle. However, 
during the uncontrolled part, the sample compressed radially to !r=+0.045% {171-'m). 
The results of the test are plotted in Fig. 8.37 and 8.38. At point A the manual control 
was restored and the steep increase in load from A to B was necessary to return the radial 
strain to its previous value. At that point the sample showed a considerable axial deformation 
and some vertical unloading was necessary to keep the radial strain constant. Because the 
axial strain was so large, tbe test was unloaded under one-dimensional conditions to zero 
deviator stress and the triaxial cell was opened for sample inspection. This procedure was done 
to ensure that no localized shear plane or other such feature had developed which could have 
influenced the sample deformation. The sample was found to be intact and the test was 
continued to a second cycle of reloadingfunloading (Points C and D). 
The results of the two tests are plotted together in Fig. 8.39. lt is clear that the tests 
showed considerable differences in behaviour, both in terms of the stres.Ypath and the 
compressibility. Test 114K0 climbed much more steeply in the t-s' stress space and, as a 
consequence, showed larger deformation for the same values of s'. This test also showed a very 
good agreement between the stres.Ypaths of the two loading cycles. The second test had a 
stiffer behaviour but its stres.Ypath was flatter than the other test indicating a lower K0 value. 
A comparatively large deformation occurred when the sample was loaded to its maximum 
value of t (point B). 
These results are interesting when compared with the yield points presented above (Fig. 
8.40). The yield curve is shown with a more pronounced tip, passing through the points 
defined by the IC tests. The stress-path of test 114K0 climbed steeply until it approached the 
yield line and followed it quite closely thereafter. The second test (115K0) showed large 
deformation when its stress-path reached the yield defined by the conventional triaxial drained 
tests {point B). lt seems that the one-dimensional behaviour is strongly influenced by the 
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same factors which originate the yield curve. These factors are a function of the bonding 
strength, as demonstrated for the artificial soil. 
8.5 MICROPHOTOGRAPHS 
Three samples were sent to the Oepartment of Geology a t IC, for preparation of micro-
slides. The samples were impregnated with epoxy resin and mounted in glass slides for !ater 
examination on a scanning electron microscope at that Department. The microphotographs 
were taken using a back scattered electron image technique. 
The three samples prepared in this way were: 
(a) undisturbed sample, e== 0.620 (estimated), 
( b) sample tested as 12; consolidated at 525 kPa, sheared undrained to c a == 8.5%, 
er == o.618, 
(c) sample tested as 111; consolidated to 3250 kPa, sheared drained toca =2 2.8%, 
er == 0.425. 
On a first examination at low amplification (50-100 times) the Corinth Mar) seems a 
featureless uniform mass. It was necessary to examine the slides at magnifications of 200 times 
or more to see some of its composition in more detail. 
The undisturbed sample provided a control against which the disturbance present in 
others could be assessed. The general appearance of the undisturbed material can be seen in 
Fig. 8.4l(a) and (b). The darker grains are quartz and the lighter ones with roughly the same 
size (6 to 25 pm} are calcium. Small very bright particles are pyrite. The main feature of the 
two figures are the fossil remains which were deliberately emphasized as they give the best 
indication of disturbance. 
The second sample examined (12) had failed by bulging but the slide examination 
showed little apparent disturbance. An examination of the whole slide failed to find any shear 
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plane or preferential structure orientation. There was indication of some calcium grains 
slightly dislodged or witb open fractures, like tbe one on tbe top right of Fig. 8.42, but no 
grain crusbing was observed. 
The breaking of grains is much clearer on tbe third sample as it was subjected to much 
higher stresses and sbear strains. The sample naturally looks denser than tbe others (Fig. 
8.43(a)) and the calcium grains are more clearly broken and dislodged ~eft bottom corner of 
Fig. 8.43(a)]. The most visible sign, tbougb, was given by tbe broken fossil of Fig. 8.43(b). lt 
was not possible to find any broken fossils or grains in eitber tbe undisturbed sample (Fig. 
8.41) or in 12, even though both of these samples contained many intact fossils. 
Although these micropbotograpbs are not conclusive, as they only cover two extreme 
situations, they indicate that the yield at higb confining pressures is somehow related to the 
grains' strength. The collapse of tbe individual weaker grains seems to contribute to the large 
distortion of the wbole soil structure. 
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Mineral % of weight 
Calei te 73-77 
Quartz 13-17 
Feldspar 2-4 
Illite 1.5-3 
Chlorite 1-7 
Illite-Montmorillonite <1 
Pyrite <1 
Table 8.1 - Mineralogical analysis of marls from tbe Corintb area 
(after Anagnostopoulos, 1989) 
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Test 
11 
12 
13 
14 
15 
16/7 
18 
19 
110 
111 
112 
11 3 
114 
115 
WCnat 
(%) 
17.79 
19.03 
18.95 
17.56 
19.04 
21.00 
18.23 
21.20 
18.79 
WC0 (%) 
22.45 
23.51 
21.90 
18.24 
21.57 
21.11 
20.57 
19.13 
20.36 
21.18 
22.47 
18.90 
22.54 
19.06 
16.26 
16.44 
16.24 
16.57 
16.66 
16.25 
16.53 
16.63 
16.70 
16.55 
16.56 
16.59 
16.59 
16.49 
So 
(%) 
95 
100 
93 
81 
97 
89 
91 
86 
92 
94 
100 
84 
100 
84 
0.641 
0.623 
0.644 
0.610 
0.602 
0.643 
0.614 
0.605 
0.599 
0.612 
0.611 
0.608 
0.609 
0.619 
WCnat- Water content from trimmings 
WC0 - Water content of the sample as received at Imperial College 
Tablc 8.2 - Characteristics of Corinth Mar) samples 
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Test e . 
I 
Drainage Failure(o) (kPa) 
t s' 
11 525 0.641 drained 785 1324 
12 525 0.618 undrained 845 1445 
13 740 0.635 undrained 825 1430 
14 100 0.610 undrained 461 582 
15 520 0.602 undrained 725 1184 
16/7 1800/1800 0.633 drain.fundr. 1747 3200 
18 1500 0.608 drained 1871 3372 
19 2250 0.588 drain.fundr. 1828 3204 
110 2750 0.591 drained 3509 6242 
111 3250 0.574 drained 4133 7379 
112 100 0.611 undrained 210 309 
113 490 0.599 drainei6> 441 454 
114K0 250 0.634 drained 
Il5K0 480 0.619 drained 
Gs = 2.72 
(a) Maximum o-~/ o-~ 
(b) Test with constant t and reducing s1 
Table 8.3- Main chara.cteristics of Corinth Marl samples tested 
in triaxial compression at Imperial College 
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Test 
N8 505 
N9 905 
N10 1200 
Nll 1500 
N12 1800 
N13 2120 
Nl4 2500 
N15 4000 
N16 3500 
G5 = 2.72 
e . 
' 
0.599 
0.574 
0.559 
0.574 
0.607 
0.569 
0.564 
0.539 
Failure (kPa) 
t s' 
830 1335 
1150 2055 
1580 2780 
1760 3260 
1960 3760 
2720 4840 
2990 5490 
4560 8560 
Table 8.4-Corinth Mar) samples test.ed in triaxial drained 
compression at NTUA 
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Figure 8.22 - Results of special triaxial tests carricd out at KEDE, Greece 
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Figure 8.24 - Failure !ines and failurc points from different tests (a) s1 less than 2000 kPa 
(cont.) 
353 
\ 
\ 
\ 
\\ 
\ 
\\ 
\ 
\ 
\~ 
\ 
\ 
\ 
\ 
~ 
\ 
\ 
2 
. 
ID 
o 
o 
. 
ID 
o 
o 
• 
~ 
. 
C')-
C') 
o 
~ 
o* -
• C') 
-CC 
~o. 
· ~ N-
g UJ 
. 
N 
~ 
. 
o 
o 
. 
2 
. 
o 
o 
o 
~----~------~------~------~------~----~~~--~0 Oliii'E OO'E 
Figure 8.24 - (cont.) (b) s1 Jess than 5 MPa 
354 
OO ' l 
~ 
Oliii ' O 00'0 
. 
o 
~ 
. 
o 
10 
.. 
. 
-fJ z.c 
-
. 
~ 
. 
o 
10 
. 
YJ 
dry surface samplcs 
5 
0~~----~------r-----~~----~~-----r------~------, 
o.o 2.0 ~.o e.o s .o 10.0 12 . 0 1~.o 
Time (mins.) 
Figure 8.25 - Tcnsile test results on two saturatcd surfacc dry samplcs of intact Corinth f\ larl 
355 
~ 
. 
... 
;;'PJ 
o.; 
~ 
* - g 
. 
_ .,. 
I'D 
~ 
.:;l 
-~ 
..., 
. 
o 
o 
o 
18 
( 1500) 
11 (525) 
0·~------~-----,------~------~----~~----~----~ 
o.oo o.eo s .oo s .eo 2.oo 2.eo 3.oo s. eo 
Axial s t ra i n (~ ) 
Figure 8.26 - Stress-strain test results carricd out at JC; natural scale, yicld points 
356 
"· \ 
· .•. \ 
• I 
o 
... 
.o; I • a Oi I • aO i I • ,o; 
\ .. o 
\ ... 
' 
'\O o 
· -..- \ I 
\ 
' i ' 
. l 
,-"'"- ·- ·-
• I 
\ I 
o • I 
o \ '. ... 
. \ 
-\ ' ~ 
·-
._. __ 
c \ ' 
' 
\ ' ' ~ 
' . 10 . 
' 
.. 
'-I 
' 
.... o+J 
.... 
. ... (f) 
' -'· 
' ' ' 
r-1 
' 
. 
' 
10 
' 
,, 
..-t ~ .1. '"· 
' 
X 
"'' 
<: 
\ 
\ • ·~ ~1 I o ... 
ro ~t .I~· ., 
u \ r' . 
i..J 
• I 
o 
... 
• o; I • cO i I • a Oi I • ,o; (ed>i) ~ 
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Figure 8.30 - Results of stress versus radial strain for tcsts carried out at IC 
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Figure 8.42 - Microphotograph of Corinth Marl sample tested as IC 2 (undrained, 
u~=525 kPa, ~=0.618) 
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Figure 8.43 - Microphotograph of Corinth Mar! sample tested as I 11 (drained, u~=3250 kPa, 
er=0.425) 
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9. CBEMUSUSU DAM SOJL 
9.1 INTRODUCTION 
The use of natural soil samples is of great importance in verifying the results obtained 
from the artificial soil. Contacts made by Prof. P.R. Vaughan with the Transport and Road 
Research Laboratory (TRRL) and British Geological Survey (BGS) enabled tests to be 
performed on undisturbed and disturbed samples of a red soil from Kenya. At the time of 
writing some characterization, mineralogical and consolidation tests are being carried out at 
BGS as part of a larger testing programme. 
9.2 GEOLOGY AND CLASSIFICA TION TESTS 
9.2.1 Geology 
. The information on the geology of the area was provided by the BGS (Northmore, 
1990). The site of the proposed Chemususu Dam is located in a forested area adjacent to the 
western margin of the Rift Valley, Baringo District in Kenya, 60 km south east of Eldoret and 
13 km north west of Eldama Ravine. The climate is cool and humid with average annual 
rainfall of between 1100 and 2700 mm (March-November). The mean annual temperature is 
12-14"C with an occasional night frost. The site elevation is 2330 m above mean sea levei. 
The bedrock geology is composed of tertiary volcanics comprising lavas (generally non-
porphyritic), basic tuffs and sediments. 
The general landscape includes a series of closely-spaced, low, round crested ridges 
separated by narrow V-shaped or slightly wider flat-bottomed valleys. The narrow vallcy 
bottoms are 2-10 m wide, concave or V-shaped and contain the stream channel only. Widcr 
flat-bottomed valley floors are levei, up to 200 m wide and 1.5 km long, with very narrow (2-3 
m wide) stream channels. 
The ridge crests and ridge slopes are well drained and above the influence of 
groundwater. The flat valley floors, with brown-grey loams and mottled grey-brown clays, are 
poorly drained and subject to seasonal flooding. The stream channels have perennial flow. 
9.2.2 Sample description 
Samples from different trenches and depths were sent to Imperial College. The 
undisturbed samples bad been collected using a technique described by Culshaw et ai. {1989). 
which consists of cutting a cylindrical sample using a plastic tube as a guide and container of 
the soil sample. Samples with 150 mm diameter and 200 mm height were obtained. 
The samples used in the triaxial testing described !ater carne from trench 15 at the dam 
borrow area {3.80 to 4.00 m depth). The soil has been described as red and dark red (Munsell 
colour code 2.5 YR 4/6-3/6), containing small pale-coloured weathered fragments of parent 
rode (Northmore, 1990). 
Tbe undisturbed sample received by Imperial College had an average water content of 
33%, an overall dry density of 10.95 kN/m3 (e=l.47) and a degree of saturation of 62%. The 
sampling was carried out in September and hence the sample was probably at its wettest 
because the rainy season was drawing to a close. 
Filter paper was used to measure the suction present in the sample due to the partia! 
saturation, following the technique currently in use at Imperial College. The calibration curve 
for low suctions (Fig. 9.4, Crilly, 1989) was used. Two filter paper discs left in contact with 
the sample in a sealed chamber for seven days each had a water content of 72% indicating a 
suction of 35 kPa. 
The author tried to trim undisturbed samples taken from shallower depths (1.20-1.40m ) 
at the same site without success. The soil had pronounced )ocalized non-uniformities, with 
parts denser than the surrounding weak matrix and when trimming the sample with a sharp 
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knife these parts tended to be dislodged. The size of the intended sample (38 mm diameter) 
was such that excessively large stresses were induced by the knife. It would probably be much 
more feasible to trim larger samples and this should be considered in future work. 
The deeper sample used in the testing programme had the same kind of macroscopic 
structure as the shallower sample but the matrix was stronger. When trimming, it was 
sometimes possible to cut the denser areas to a smooth finish using a sharp knife, whereas in 
other cases it was better to gently scarify to minimize the damage. The final dimensions of the 
trimmed samples were occasionally well above the standard size because further cutting would 
have been very difficult without destroying the sample. Two samples were lost during the final 
trimming. 
lt is recommended that in future the samples should be trimmed in the field to their 
final testing dimensions. If this were to prove difficult, it would almost certainly be impossible 
to do so in the laboratory, in which case larger diameters should be used for testing and 
sampling. The field trimming of the samples seemed successful in maintaining the friable 
structure of the soil and the same technique should be tried for smallet sizes. 
9.2.3 Grading 
Tests to determine the soil grading were carried out on four of the disturbed samples 
using different techniques. The results for the soil used in the triaxial testing are shown in Fig. 
9.1 and the results from the other samples are presented in Fig. 9.2. Three test procedures were 
used: ( a) sedimentation using soe! i um hexametaphosphate as a deflocculant, ( b) sedimentation 
using only distilled water, and (c) dry sieving. In tbe first two methods the procedure 
described by Head (1980) was followed, except that in the latter no chemical agent was used. 
The soil samples were agitated for 24 hours prior to the sedimentation test and had not been 
previous)y dried. In the third alternative the samples were first dried under Jamps and then 
worked in a pestle and mortar until the soil appeared to have broken down into its individual 
particles prior to sieving. 
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Different results were obtained for each procedure. The drying had a marked effect in 
increasing the apparent particle sizes into the sand/gravel region. Similar results have been 
reported for other residual soils. Wesley (1973a) showed a clay fraction reduction from 67% to 
5% by pre-drying. This effect would probably be reduced if sieving were clone wet. The other 
two metbods were carried out with no pre-drying of the soil. The only difference between the 
two procedures was the use or non use of the chemical deflocculant. The difference in grading 
obtained is large, the soil in each case appears to pass from a silty sand or sandy silt to a silty 
clay. The chemical seems to be very effective in separating the individual particles. The 
results show how strong the inter-particle forces can be because silt size groups are maintained 
even after 24 hours continuous agitation in water. 
9.2.4 Atterberg limits and compaction tests 
The results presented here are for soil from trench 15, 3.80-4.00 m depth. The 
Atterberg limits were determined using the cone penetrometer apparatus because it gives more 
consistent results than the Casagrande equipment. However, it has been shown to give liquid 
Jimit values that are 10% larger than those obtained with the Casagrande apparatus for some 
tropical residual soils (Carvalho, 1986). 
The influence of mixing time prior to the determination of the Atterberg limits of 
tropical residual soils is well documented. They are also affected by pre-drying (Hobbs, 1990 
among others). In order to obtain consistent results, a thorough mixing is necessary. Hobbs 
(1990) suggested that a "greaseworker" apparatus should be used to completely destroy any 
structure of the soil prior to testing. He presents some results of tests carried out in tropical 
soils from Indonesia and Kenya using this technique. The values of liquid limit obtained were 
considerably larger when using this apparatus compared to the method of hand mixing 
suggested by the British Standard Institution (1975), even when the latter was performed for 
one hour. Hobbs' data suggests increases as large as 50% in the liquid limit value (average of 
35% approximately). Similar results were found for lateritic soils from Brazil by Cozzolino k 
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Nogami (1988), with increases in liquid Jimit between 18% and 45% when intense manual 
remoulding was used. The effect was not evident in saprolitic soils. Hobbs (1990) also points 
out that the new values cause the soils to plot further to the right of the A-line on the 
Casagrande plasticity cbart. Data for soils derived from similar rocks were found to group 
much closer together on this chart than when using results of hand mixed tests. This indicates 
that a great deal of mechanical distort.ion is necessary to obtain the separation of t.be particles 
such that. their true mineralogical chemistry will control the Atterberg limits. 
The author experienced difficulties in obtaining consistent results when attempting hand 
mixing. As the greaseworker was not available, an ultrasound bath was used to separate the 
soil particles. The soil was put inside a beaker with enough distilled water to cover it. The 
beaker was then subject to the ultrasound action for a total of 2 hours. Although visually it 
did not change much, the following hand mixing was very successful in obtaining a 
homogeneous mixture which gave consistent result.s. The liquid limit was measured using the 
cone penetrometer procedure recommended by the British Standard Institution (1975), giving a 
result of LL=89%. 
The plastic limit was estimated to be 33% using the procedure described by Harison 
(1988) which uses an extrapolation of the cone results to a penetration of 2 mm. lt is 
worthwhile mentioning that the tests were done on the whole soil grading. All particles were 
reduced by the mixing, to a size which did not interfere with the test. The sensitivity of the 
soil to the mixing procedure is due to the aggregation of particles, with sizes varying according 
to the preparation which the sample has been subjected to, as was clearly illustrated by the 
grading tests. Tests on a completely mixed soil will define the extreme limit or the intrinsic 
properties of the soil and these results must be pursued. 
lt has been suggested by Vaughan et ai. (1988) that the in-situ density of residual soil 
could be indexed according to its relative void rat.io, i.e.: 
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where e i.s the in-situ void ratio of the soil, eoPT is the void ratio at the maximum density 
obtained in a compaction test with standard Proctor energy and eL is the void ratio at the 
liquid limit. 
As the amount of soil available was not enough to perform a standard compaction test 
an alternative test was investigated. There is a smaller version of the compaction test called 
Harvard miniature (Wilson, 1970). Head (1980) discussing the use of the same apparatus, 
suggests that a three layer compaction with 25 tamps/layer of the spring loaded ram gives a 
density roughly equivalent to that obtained from the standard Proctor test. 
A modified apparatus was built at Imperial College workshop for the compaction 
(Appendix 2). The sample volume was increased from the 62.4 cc of the described apparatus 
(Head, 1980) to 87 cc with the sample dimensions being 38.1 mm diameter and 76.2 mm 
height. The spring loaded ram was maintained as described by Wilson (1970), the applied 
load being set-up to the same levei of 178 N. To keep the same ratio of energy /soil volume, 
the number of tamps had to be increased from 75 to 105. A compaction procedure was 
adopted with 20 tamps to each of five layers of soil which provided very uniform samples. 
The apparatus and compaction energy were tested on a soil available in the laboratory 
at the time (a mixture of 30% fine sand, 50% silt, 8% kaolin and 12% bentonite). The soil was 
compacted using the standard Proctor procedure and with the modified procedure and 
equipment described above. The dry densities and optimum water contents obtained with the 
conventional Proctor test were 16.65 kN/m3 and 20.8% and with the small equipment were 
16.95 kN/m3 and 19.4%. These values indicate that the new apparatus gives results which are 
dose to the standard Proctor test with the advantage of using a much smaller soil quantity 
(around 200 g for each sample). The extruded sample is of a convenient size for triaxial 
testing and there is no need for further trimming. 
A compaction tcst using the new equipment was carried out in the soil from trench 15, 
3.80-4.00 m depth. The soil was hand mixed at its natural water content (approximately 35%) 
and separated into eight portions of 200 g each. Some were then allowed to dry whilst exposed 
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to the air, until the water content had reduced to the desired value, whereas others had a small 
quantity of water added. The soil portions were thoroughly mixed, placed in plastic bags and 
left sealed overnight. The compaction test results are shown in Fig. 9.3 together with the 
saturation curve for the soil. The results all lie on the dry side of the optimum water content 
and this side seems well defined. An attempt was made to compact a sample wetter than 
optimum but it proved impossible, the soil being too wet and showing large movement around 
the ram. Tbe sample compacted at the defined optimum represents tbe wettest condition 
attainable because, even then, the compaction was difficult due to this movement. This 
behaviour was probably caused by the unusual proximity of the experimental points to the 
saturation line. Tbe maximum dry density obtained was 13.2 kNJm3 which corresponds to a 
void r a tio of 1.05 ( eoPT ). 
Using the values quoted before, the relative void ratio can be calculated for the whole 
sample as: 
9.3 TEST RESUL TS 
9.3.1 Iotroductioo 
e - 1.47 - 1.05 - o 3 R - 2.46 - 1.05 - . 
Five triaxial soil samples were tested during the work, ali from trench 15, 3.80-4.00 m 
depth. The size of the sample received from field did not allow a larger number of tests to be 
carried out. Three oedometer tests on disturbed samples were also carried out to compare their 
results with those of tests on undisturbed samples. The shallower samples proved to be very 
difficult to trim down to size and were not used (see item 9.2.2). 
The physical characteristics of the triaxial samples tested are presented in Table 9.1. 
The samples were cut to non-standard sizes due to the described difficulties in trimming. 
Their initial void ratios vary considerably as a consequence of the sample macro-structure. 
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The samples surfa.ces were very irregular for the same reasons and therefore the externai 
volume mea.surement was susceptible to large errors. Ali the triaxial samples had their axial 
strain measured with local transducers. 
9.3.2 Saturation 
A back-pressure was employed for saturation of ali the samples. This was necessary so 
that the volumetric strain during shear could be a.ccurately measured (as the effective confining 
pressure i.s constant and no membrane error arises) and the effective stress known with 
certainty. 
Although the saturation with back-pressure can cause considerable disturbance of the 
aoil structure as discussed in Chapter 4, the main fa.ctor causing the disturbance seems to be 
the oscillation of the effective cell pressure. This oscillation can arise due to a stepwise increase 
in either the cell pressure or the pore-pressure or due to measurements of the parameter B 
when the sample is still not fully saturated. These two causes were eliminated by using the 
following procedure. After assembly, the cell pressure and back-pressure were applied 
simultaneously (their values being in general 20 kPa and 15 kPa). After the volume intake of 
the sample had stabilized (a matter of a few minutes) the cell pressure and back-pressure were 
increased simultaneously with the use of manostats driven by a stepper motor. Rates of 
increase of 1.0 kPa/min were typically employed following the experience with the artificial soil 
which has similar perme.ability. Once the desired value of ba.ck-pressure had been reached, the 
pressures were kept constant and the volume of water intake monitored with time. The 
stabilization of the water intake with time provided a good indication that the sample fluid 
was in equilibrium, i.e., that for such back-pressure no more dissolution of air would occur. 
The saturation was then verified by increasing simultaneously in equal amounts the cdl 
pressure and the back-pressure while still monitoring the volume intake of water. lf no more 
water entered the sample it was assumed to be full y saturated. Measurements of paramelt>r 13 
confirmed the saturation (B~0.98). 
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However, no standard value of back-pressure seemed to work for every sample. This 
was bighlighted by the results of samples C3 and C4. Initially a ba.ck-pressure of 200 kPa was 
applied to the samples and the volume intake monitored for a period of 30 days. Then, an 
increase of botb pressures sbowed that sarnple C4 was saturated (this was confirmed with the 
measurement of B=l.OO) but under similar conditions sample C3 was not saturated. The 
back-pressure bad to be increased to 520 kPa and maintained for another nine days to fully 
saturate tbis sample. The B value was also measured before shearing giving B=l.OO. The first 
sample tested (test Cl) was not fully saturated, even with a back-pressure of 420 kPa for a 
period of tive days. 
9.3.3 Consolidation resulta 
Four of the triaxial samples were isotropically consolidated before shearing. Sample C2 
was loaded at a nearly constant stress ratio up to its final anisotropic consolidation stresses. 
Tbe consolidation pressures of ali samples are indicated in Table 9.1. 
The axial compressibility of three samples are presented in Fig. 9.5. The stress-path of 
test C2 is also presented. The axial measurements had been measured locally. There is a 
considerable difference in compressibility between the two isotropically compressed samples (Cl 
and C5) but this difference is consistent with their initial void ratios (e=l.55 and e=l.23, 
respectively). Sample C2 presented a high initial compressibility up to s' ~125 kPa, a 
transition zone and an approximately linear compressibility for 160Ss' $360 kPa. 
The axial strain is plotted in Fig. 9.6 versus the logarithm of vertical stress on the 
samples. On this scale, sample C2 shows a pronounced discontinuity at around 240 kPa. 
In order to compare the results of the volumetric compressibility for the undisturbed 
soil, three oedometer tests were carried out on disturbed samples. Two of the samples were 
remoulded at their natural water content. The soil was thoroughly hand mixed and even 
though considerable effort was applied, small aggregations of partides of around 0.3-1.0 mm 
diameter were still present. Two oedometer rings were filled with the homogencous soil at a 
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high initial void ratio (e;=3.40 and e;=2.88). Both samples were flooded at the end of 
consolidation at 10 kPa, showing significant deformation (Fig. 9.7). They were then Joaded to 
800 kPa and unloaded. The compression curves obtained are closely parallel and the samples 
maintained their initial difference in void ratio throughout the test. 
The other oedometer test was carried out on the sample used for liquid limit 
determination. The sample had been remoulded under quite extreme conditions of vibration 
(see item 9.2.4) and its initial void ratio was 2.43. The compressibility of this sample was 
Jarger than the other two. The average compression index (Cc) of each test was 0.48 and 0.49 
for the remoulded samples, and 0.56 for the slurry. 
The comparison between the compressibilities of the two classes of samples is shown in 
Fig. 9.8. The undisturbed samples had considerably smaller compressibilities and this appears 
to be related to the initial void ratio. The plot illustrates well the large variation in the initial 
eonditions of the samples, which presented difficulties in the interpretation of the data. Note 
that the test results from the undisturbed samples were affected by the membrane penetration 
error. Tbe data was not corrected in any way because no correction can reliably be applied. 
This error gives results which show the samples to have a larger compressibility than the true 
one. 
lt seems evident that there is a pattern of reduction in stiffness from the undisturbed 
state, to tbe remoulded and slurry states. Tbis is well demonstrated by the disturbed test 
results and test Cl. Tests C2 and C5 showed greater stiffness, but their initial void ratio was 
lower than the other undisturbed samples. Sample Cl seems to have reached a "virgin 
consolidation line" after about 45 kPa. Using that line, the compression index calculated gives 
a value of 0.20 which is well below the values from the disturbed samples. Sample C5 showed 
a compressibility similar to the unloading compressibility of the disturbed samples (Cc=0.05l 
compared with C5 of 0.059, 0.040 and 0.044 obtained from the disturbed samples). 
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9.3.4 Strengtb results 
Following the conso1idation the five undisturbed samples were sheared in triaxial 
compression. The rate of straining used was 1 %/h in all of the tests. Three tests were carried 
out drained throughout (samples C3, C4 and C5) and two had the drainage closed near the end 
of the test (samples Cl and C2). The test results are presented in Fig. 9.9 (stress and strain 
curves) and Fig. 9.10 (stress path and failure envelope). 
The results of triaxial tests showed a consistent trend. Test C4, carried out at the 
lowest effective confining pressure (0'~=25 kPa), was the only test to show expansion. Test Cl, 
performed at 0'~=360 kPa, showed the highest compression during the test and the other two 
isotropically consolidated tests (C3 and C5) have volumetric compressions more or less 
proportional to their initial effective confining pressures. 
The stress-paths of these testa seem to define two distinct failure envelopes, similarly to 
the general behaviour of the artificial soil. One curved failure envelope for s' $600 kPa (Fig. 
9.10) and a straight line passing through the origin with a corresponding value of 4>1=28.2·, 
which may define the de-structured strength of the soil. The reasons which caused sample C5 
to show such smaller strength are not clear. The sample had the lowest initial void ratio and 
was the stiffest one during the consolidation. The laboratory notes were re-examined to see if 
any different procedure had been used. Following the previous experience with sample 
saturation, this sample had the cell pressure and back-pressure increased simultaneously as had 
the other samples. However, to reduce the time to accomplish full saturation, the cell pressure 
and the back-pressure were increased directly to a higher value (0'3 =510 kPa, u=500 kPa) ata 
rate of 1.0 kPa/min. Although the init.ial permeability of the sample was quite high 
(k=:::3.5x10-6 m/s) it. seems that the behaviour of the sample in shearing was affected by this 
slightly different procedure and this deserves further study. 
9.3.5 Stiffncss measurements and yield points 
The measurement of axial strain in the triaxial tests using local instrumentation 
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provided reliable information to calculate the secant stiffness. The values calculat.ed at 0.1% 
axial strain, Esec 0 •1• are plotted in Fig. 9.11 versus confining pressure. In the same figure 
are also plotted the normalized stiffness, Esec 0 . 1/u~ (continuous line). Both lines show some 
similarity with the same plots produced for the 200 series artificial soil mixture. The stiffness 
of the soil is quite high at a low confining stress, there is a small increa.se with increa.sing 
pressure up to u~=150 kPa and then a considerable variation. Note that the normalized value 
stays constant for pressures larger than a~=150 kPa. 
The test results were also analysed to see if yield points could be determined. Log-log 
plots were produced from the stress-strain results (Fig. 9.12). The resulting )ines show that 
tests C3, C4 and C5 have clear bi-linear plots. Test Cl had a very steep initial line, followed 
by a smooth concave curve. The points of intersection of the two lines were used to define the 
value of t at yield and they are plotted in Fig. 9.13 together with the stress-paths. The yield 
point of test C2 was selected from Fig. 9.5 and 9.6 instead, because its stress-path was not a 
conventional compression one. Using Fig. 9.5 a value of s' equal to 168 kPa was chosen as the 
yield pressure and using Fig. 9.6 (logarithmic scale for vertical pressure) a value of u~=240 
kPa was adopted . This latter value corresponds to s'=l72 kPa for the stress-path followed. 
The yield curve at small stresses is much lower than the failure envelope defined in the 
region. Although the yield locus seems to follow the same pattern as the locus of other 
materiais, i.e. it is centered around the isotropic axis, a greater number of tests are needed to 
define the soil behaviour with more clarity. 
9.3.6 Permeability measurements 
The samples ha.d their permeability measured during the triaxial test programme. The 
test is simple to perform and gives reliable values; the pressures at the top and bottom of the 
sample can be continuously monitored whilst the volume change is measured. The values 
referred to here are the average of five or more measurements, except for the result at the end 
of test Cl when , due to its very low permeability, only the a ver age v alue was calculatcd for a 
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seepage period of 2.5 hours. 
The measured values of permeability varied considerably. The natural soil samples had 
quite high permeabilities (2x10-6 m/s). The results of the measurements are plotted in Fig. 
9.14 and 9.15. In the first figure, the permeability of three undisturbed samples, measured at 
different leveis of stress, is plotted versus the void ratio. The permeability calculated from the 
oedometer test results performed on the slurry is also sbown. lt is clear that the void ratio has 
a minor effect on the permeability. The undisturbed soil had a large variation in permeability 
(4.5 orders of magnitude) and no correlation with the void ratio while tbe slurry had a 
relatively small variation of permeability associated with a considerable change in void ratio 
(from 1.94 to 1.23). However, the permeability of the slurry may not represent the true value 
as it was indirectly obtained from the coeficient of consolidation (Cv)· 
Tbe permeability results plotted versus s1 in Fig. 9.15 suggest a more obvious pattern. 
The experimental points are marked with the identification test number and a letter (i) for 
initial permeability, (e) for permeability measured at the end of the test and (ac) for 
anisotropic consolidation. Although the influence of s1 on the undisturbed samples seems clear, 
it should be noted that probably the most important component in tbis reduction is tbe shear 
stress applied during the tests. Sample C5 showed this influence most clearly. lts initial 
permeability reduced only slightly from 3.5x10-6 m/s to 2.6x10-6 m/s when the isotropic 
effective stress was increased from 10 kPa to 150 kPa. However, after the sample was sheared 
the permeability dropped to 1. 7xl0-9 mfs, a reduction of 1500 times. 
These reductions can be explained by the closing down of structural spaces between the 
aggregations due to the shearing distortion imposed by the testing. Most of the samples which 
were tested showed shear planes at the end of the test (Cl, C3, C4, C5) which can also have a 
large influence on the vertical permeability of the sample. 
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Test Dimensions wc0 
Height Diameter 
(mm) (mm) (%) 
Cl 66.6 41.97 32.0 1.55 
C2 70.7 37.40 31.4 1.37 
C3 99.7 41.80 32.8 1.44 
C4 92.0 40.35 37.2 1.32 
C5 78.0 44.12 33.9 1.23 
G5 = 2.76 
Degree of 
saturation 
(%) 
57 
63 
63 
78 
76 
Consolidation 
(kPa) 
s' t 
360 o 
350 152 
55 o 
25 o 
150 o 
e . 
I 
1.44 
1.25 
1.41 
1.32 
1.21 
Table 9.1 - Initial state of samples of Chemususu dam soil, trench 15, 3.80-4.00 m depth 
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Figure 9.1 - Grading curves obtained for the soil used in the main testing programme with 
three different methods 
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10. DISCUSSION ANO CONCLUSIONS 
This chapter compares and discusses the main results of the triaxial tests described in 
the thesis. Comparisons with results given in the literature are made where possible. 
10.1 DISCUSSION 
Testing techniques 
The discovery of the importance of saturation technique and stress uniformity on thc 
test results (Chapter 4) eliminated two experimental factors which could mask the effects of 
structure in the artificial soil. The use of back-pressure to obtain full saturation in the test.ing 
of natural soils should be reconsidered in the light of the structural damage that it secms to 
have caused in the artificial soil. 
There are also some indications that the back-pressure, even when applied relativcly 
slowly, affects the behaviour of natural residual soils reducing their strength (Dias, 1987; 
Allam & Sridharan, 1980; test C5, Chapter 9). 
The influence of the stress concentration due to the conventional loading arrangement 
(Chapter 4) and thc influence of the saturation technique are present in some of thc results 
given by Maccarini (1987) and this should be taken into consideration when analysing the 
data. 
Artificial soil yield 
For the artificial soil with a high void ratio, it was not possible to identify the presence 
of a first yield, although some of the strain measurements in isotropic compression at stresses 
below 30·50 kPa were not considered. The major yield was very clear and coincident with thc 
one reported by Maccarini(1987). 
For the artificial soil of higher density (e=l.l) there were two different leveis of yield in 
isotropic eompression, one at 300 kPa and another at 1500 kPa. The major yield in shearing 
was clear and the yield curve is well defined for pressures below s'=1400 kPa (Fig. 6.33). 
However, there is a discontinuity on the stress-strain curves of some tests (Fig. 6.28) which 
seems to imply that there is another yield surface above s '=1400 kPa (Fig. 6.33). This 
behaviour is unusual and requires further investigation. 
The study of the denser artificial soil eoncentrated on tests at higher confining pressures, 
and so the first yield locus was not verified. lt is interesting though to compare the results 
obtained from the two different densities of artificial soil. The two different sets of yield points 
are plotted together in Fig. 10.1. They represent the main yield points of the bigh void ratio 
soil and the first yield points of the lower void ratio soil. Results obtained by Maccarini (1987) 
are also plotted on the figure. Although there is some scatter in the values, they seem to lie in 
the same stress region. The reason for this coincidence may not be a simple one, but 
examination of the results of the 300 series tests (without quartz) provides some useful 
information. Axial strain from local mea.surements has been plotted against confining 
effective stress for the isotropic compression stage of test 305 in Fig. 10.2. There are two linear 
portions, and their intersection indicates a yield stress of 280 kPa. Note that this sample had a 
void ratio of 1.4 but a denser grain packing than the others (intergranular void ratio=0.32: 
Appendix 1, case 2). This yield is likely to have been caused by the start of collapse of the 
fired kaolin grains (soo· C/5 h). A similar collapse of the same material is likely to have 
occurred at the same stress in the other artificial soils, where the kaolin provides the bonding 
between the quartz and CFK grains. For the lower void ratio artificial soil this caused a small 
increase in the volumetric compressibility (Fig. 6.16) but for the higher void ratio artificial soil 
this caused a significant change in the volumetric compressibility (Fig. 5.7 and 5.9). 
The presence of a second yield on the 200 series soil (e= 1.1) may be related to the 
crushing of the stronger CFK grains which were fired at IOoo·c for 5 hours. Further tests are 
required to find out the pressure at which the CFK grains start to crush and whether or not 
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this pressure coincides with the isotropic yield shown by the artificial soil at 1500 kPa {Fig. 
6.19). 
lnfluence of the bonding material streng~b 
The influence of bonding strength on the yield during a drained compression tcst is 
clearly demonstrated by the results of tests 208 and 301 (Fig. 7.18). Both tests were carricd 
out under drained conditions, and the yield stress shown by test 208 corresponds very closcly to 
the maximum strength of sample 301, which is composed only of the bonding material of the 
former. 
In the same figure the increase in bonding strength is shown by tests 208 and 601 which 
had different yield stresses as a result of different bonding strengths. 
Resulta of one-dimensional compression tests 
During a one-dimensional compression triaxial test the stresses are increased in such \Vay 
that the sample does not show any radial deformation. This implies that the individual grains 
have to accommodate the vertical deformation by sliding or rotating to new positions. 
Shearing of contacts is involved. 
In the artificial soil, the grains are surrounded by the bonding material and so its 
strength will define the stresses involved. At Jow stresses the bonding is intact and 
considcrable vertical loads can be sustained with negligible lateral movement. This gives rise 
to a steep stress path which initially climbs towards the failure line. At this point thc bonding 
cannot sustain the stresses and large increases in lateral stress are needed in order to prevenL 
lateral strain. For high void ratio materiais large axial deformations are likely to occur. 
Examples are given in Fig. 2.8, 2.9, 8.35 and 8.36. 
Due to this behaviour, the test stress-path turns to the right on a t-s' strcss space plot. 
It is likely that the strength of the contacts remains the factor controlling the soil behaviour. 
Examination of Fig. 10.3 seems to confirm such a hypothesis. The stress path of the one-
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dimensional test 212 climbed rapidly in stress spa.ce until it reacbed tbe failure line defined for 
tbe de-struetured bonding {Fig. 7.13). It showed some instability dose to tbat point and, 
tbereafter, tbe eoineidenee between tbe stress path and the failure line was striking. 
In natural samples the internai strueture may not be as simple as tbe one sbown to exist 
in the artificial soil, and sbearing of the grains may also be involved. Tbis would lead to a 
stress patb wbieb is not purely a function of tbe bonding material strengtb but will also be 
influeneed by the other grains. 
Variation of void ratio during testing 
The determination of the void ratio- pressure relationship ean pro vide useful information 
and bas been suggested as a means of elassifying residual soils (Vaughan, 1988) in relation to 
tbeir potential eompressibility. Tests earried out at high pressures provided further 
information on this relationsbip. Tbe results obtained from the bigh void ratio artificial soil 
(100 series) are plotted in Fig. 10.4. The results from two remoulded samples are also shown 
for comparison. Ali samples were isotropically consolidated and then sbeared under drained 
conditions. The crosses mark the beginning of shearing. The shear stage caused large 
variations in the void ratio of the bonded samples which did not show any tendency to 
stabilize, even after considerable straining (Fig. 5.24 and 5.25). 
The results from the denser artificial soil (200 series) are shown in Fig. 10.5(a) and (b). 
The first plot gives the resulta of the isotropic compression tests together with results from the 
two remoulded samples; the second sbows the void ratio variation during shearing of the 200 
series and remoulded samples. lt can be seen that the variation in the void ratio is quite large 
during the shearing stages of the tests. In addition, the bonded samples can sustain much 
higher stresses during isotropic compression than tbe remoulded ones at similar void ratios 
[Fig. 10.5(a)]. 
The results from the two artificial soil test series during shear are plotted together in 
Fig. 10.6. They show a similar trend of void ratio variation wit.h the mean effective pressure 
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p1• A summary of these datais shown to a larger scale in Fig. 10.7 (the dotted lines indicating 
the shear stages of the tests). Test 212 (K0) shows a more compressible behaviour than the 
isotropically consolidated tests but far less than any of the conventional drained compression 
tests. The variation of the void ratio seem to be very dependent on the shear stress applied to 
the samples. 
The variation of void ratio of the Corinth Mar! was also examined. The data obtained 
from the two one-dimensional compression tests ( Il4K0 and 115K0) is shown in Fig. 10.8. 
The results of two oedometer tests on slurry (Kavvadas, 1990 - see also Fig. 8.4) and 
another on the intad material (Anagnostopoulos, 1989) are also plotted. The curves are not 
directly comparable as the oedometer tests were plotted in terms of vertical stress. However, it 
is clear that the slurry has a much higher compressibility than the other samples. 
These results are interesting when compareci with the variation of void ratio during the 
shear stages of the tests (Fig. 10.9). During shear the variation in the void ratios is large, but 
seem to lie inside the limits defined roughly by the oedometer tests on the intact material and 
on the slurry. lt seems that the potential variation in void ratio is at least equal to the 
difference in void ratio between the slurry and the intact sample at a similar stress levei. As 
with the artificial soil, isotropic compression seems to reduce the void ratio much less than the 
shearing does. The samples can sustain quite high void ratios at considerable pressures during 
isotropic or one-dimensional compression. 
Stiffness variation with pressure in bonded materiais 
The results obtained in this thesis show a consistent pattern of variation of secant 
stiffness with confining effective stress. It seems that there is a threshold of confining pressure 
above which the stiffness drops or, at least, stabilizes. This was shown by the artificial soil 
mixtures (Fig. 7.21), the Corinth Marl (Fig. 8.34) and the Chemususu Dam soil (Fig. 9.11). lt 
appears to be a common feature in other bonded materiais as well, although not specifically 
noted in the literature. A typical example is shown in Fig. 2.2 for a mudstone, whcre the 
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stress-strain curves at bigber confining pressures are clearly mucb less stiff than the ones 
obtained at lower pressures. The same pattern can also be seen in the results given by 
Sandroni (1981) for a residual soil from gneiss, by Elliot and Brown (1985) for a porous rock , 
by Dias (1988) for a lateritic soil and by Conlon (1966) for a soft clay. 
Poi.sson 's ratio 
The results obtained from the artificial soil show that the samples have very low values 
of Poisson's ratio when initially loaded. A good example is given by the results of test 208 
(Fig. 6.30). Direct measurements of radial strain show no radial deformation (v=O) up to an 
axial strain of approximately 1.0% and a deviator stress levei close to 80% of the yield stress. 
Small values of Poisson's ratio (zero or even negative) have been reported for an Australian 
calcarenite by Semple (1988) from a large testing programme carried out to study the unusual 
behaviour of that material. 
Small values of Poisson 's ratio can also be derived 1 from the steep stress-path shown 
during one-dimensional tests carried out on chalk by Ledra(1990) [Fig. 2.9(a)], on sandstone by 
Goldsmith(1989) (Fig. 2.11), on the artificial soil by Maccarini (1987) (Fig. 6.39), and on 
Corinth Marl, test 114K0 (Fig. 8.35). 
This steep stress-path is characteristic of the behaviour of one-dimensional tests on 
bonded materiais (Fig. 2.8 and Leroueil &. Vaughan , 1990), indicating that an initial low 
Poisson 's ratio is also a general characteristic of these materiais. 
10.2 CONCLUSIONS 
The stiffness o f clay samples in triaxial tests can be effectively measured down to 0.01% 
axial strain with minor modifications to conventional testing equipment measuring platten to 
1 v= K0 /(l+K0) 
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platten. 
Errors generally referred to as due to bedding were shown mainly to comprise avoidable 
errors, especially the error due to non-parallelism of top cap and load cell, and the deformation 
of filter paper discs if these are used. 
The influence of the last two testing techniques on the behaviour of artificial soil 
samples was shown to be important. The concentration of stress due to non-parallel loading 
surfaces during a compression test can cause an overall early yield (or failure at low confining 
stresses). The cyclic application of effective stress appears to be a major factor in causing a 
similar effect . This is likely to occur when saturation by back-pressure is used. There is 
evidence in the literature that this happens during the testing of natural soils. 
The yield stress of the artificial soil is dependent on the size of the fired sample. T hcre 
are indications that longer heat ing and cooling periods can reduce this effect. 
T he method of stress increase during an isotropic compression test (constant rate of 
stress increase or incrementai) is not an important factor in defining the isotropic yield of the 
high void ratio artificial soil. However, fast application of isotropic stress (7.5 kPa/min) 
caused a 30% increase in this stress over that obtained at 1.5 kPa/min (Fig. 5.13). 
There is a large reduction in bulk stiffness (o f approximately ten t imes) after the 
isotropic yield with the high void ratio soil. The 200 series of tests (e= l.l) has a much less 
marked decrease. 
The yield locus for both artificial soils is centered around the isotropic line. However, 
the Corinth Mar! yield locus shows some effect of anisotropy. 
The stress path has considerable influence on the yield locus (and failure envelope) at 
low stresses for the high void ratio artificial soil. This influence was also found for the Corinth 
Marl (Fig. 8.24). Evidence of the same phenomenom for a residual soil from Hong Kong is 
also given by Bressani & Vaughan (1989). 
The use of log-log plots of deviator stress versus axial strain to examine the existence of 
yield has been used successfully. These yield points were also shown to coincide in most cases 
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witb tbe onset of radial dilation of the sample. 
The secant stiffness determined at 0.1% axial strain was shown to vary in a 
characteristic way for the bonded samples tested. There is usually a large increase in the 
stiffness with the confining pressure. However, this increase ceases at a certain confining 
pressure, dependent on the material. In some cases this is followed by a drop in stiffness but, 
at larger pressures, the stiffness tends to increase again (Fig. 7.21 ). 
The permeability measurements on the artificial soil indicated a small reduction with 
the strains imposed during the tests. However, for the Chemususu Dam soil there was a very 
considerable reduction due to the application of shear stress (a drop of approximately 104 (Fig. 
9.15)). 
The influence of over-consolidation on the behaviour of the artificial soil samples is very 
clear both in drained and undrained tests. The overconsolidated samples show a higber value 
of yield stress in drained tests (Fig. 6.33) and there is a clear difference in the stress paths of 
undrained tests dueto previously applied stresses (Fig. 6.51). 
For the 200-300 series tests the yield stress and failure envelope at low confining 
pressures are functions of bonding strength alone since they are coincident. At higher stresses 
they differ considerably especially in strength which is then controlled by their mineralogy. 
The microphotographs of the artificial samples sheared at u~=IOO kPa showed very 
little visible structural damage (Fig. 7.28). However, there was widespread crushing of the 
CFK grains in the sample consolidated to 3250 kPa (Fig. 7.29). 
Tbe apparent tensile strength of tbe Corinth Marl increased by a factor of six due to 
negative pore pressure (suction) relative to the drained tensile strength (approximately 14 
lcPa). 
The stress path of the one-dimensional compression test on artificial soil appears to be 
very influenccd by tbe strength of the bonding material (Fig. 10.3). 
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10.3 SUGGESTIONS FOR FURTHER RESEARCH 
There are a number of points which deserve closer examination and many questions 
either raised by this work or not completely answered by it. 
The artificial soil has proven to be a very versatile material. However, its use for model 
studies would necessitate larger size samples, requiring careful control of firing and cooling, as 
these affect its mechanical properties. 
The results given here were ali obtained for positive values of t (=u~-u~). It was 
assumed that the yield locus was symetric in relation to the isotropic axis but this hypothesis 
needs to be verified by, for instance, extension tests. 
Additional tests on the 300 series would be desirable to better define its strength 
envelope over a larger stress range. 
The microphotographs were a useful tool in examining the artificial soil structure before 
and after shearing. It would be of interest to verify if the isotropic yield of the 200 series, at 
around 1500 kPa, coincides with the onset of CFK crushing. 
The few results obtained on the residual soil from Kenya (Chemususu Dam) provided an 
indication of its similarities with the other bonded materiais. However, more tests sbould be 
performed to examine its behaviour. The trimming of triaxial samples to final dimensions 
should be carried out on site. 
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APPENDIX 1 
THE INTERGRANULAR VOID RATIO AND THE SPECIFIC 
GRA VITY OF ARTIFICIAL SOIL MIXTURES 
The artificial soil used in this work was intended primarily as a convenient material to 
simulate the behaviour of natural soils. lt incorporates three basic constituents: the quartz 
sand, the crushed fired kaolin and the bonding (fired kaolin). The kaolin constituents are 
porous themselves so that when the traditional definition of void ratio is used one finds that 
the void ratio value is rather low compared with a similar structure composed of non-porous 
grains. To account for this Maccarini (1987) proposed the inter-granular void ratio so that two 
soils with the same structural arrangement would have the same eint value. In this thesis the 
traditional definition was used instead, mainly because the natural soil may also have porous 
particles and the calculation of eint requires a knowledge of the specific gravity of individual 
grains. 
Nevertheless, the concept is an useful one, especially m cases where the structure 
similarity needs to be shown. 
The author carried out a series of measurements of the specific gravity of different 
minerais, the results of which were as follows: 
(a) quartz sand: 2.65, 
(b) kaolin fired at 10oo·c (CFK): 2.71, 
(c) kaolin fired at 5oo·c (bonding): 2.51 , 
(á) artificial soil mixture 133057: 2.65. 
The dry density of kaolin fired at 5oo·c was also measured using five small cylinders 
and the average value was 12.54 kN/m3 • The dry density of kaolin fired at 100o·c is very 
closc to this value - 12.45 kN/m3 (Maccarini, 1987). 
Thcse spccific gravity values are similar to those reported in litcraturc. For kaolin Grim 
(1953) quoted values of 2.74 and 2.47 for temperatures of 1000·c and 5oo·c respectively and 
he noted that tbese values vary with the specific clay chemistry. Tbe quartz has a well 
established value of G5 =2.65. 
Using the definition of the intergranular void ratio (Maccarini, 1987) 
VT 
eint = V$ - 1 
where 
VT = total volume of the soil 
V$ = total volume of the grains (including internai voids) 
P . 
V$= Í: -d• 
I i 
where 
P i = weight o f the grains 
1di = dry density of the grains 
Some calculations are presented below, in order to clarify the various assumptions used. 
CASE 1 
(AI) 
(A2) 
Calculation of the intergranular void ratio for soil 133057 (100 and 200 series). Two 
calculations of W 5 can be made using (A2): 
(a) v· - w ro.13 + 0.30 + 0.57] s - s LI .28 1.28 2.65 (A3) 
o r 
( b) v· _ w [O.I3 + 0.30 + 0.57] s - s 2.51 1.28 2.65 (A4) 
where W5 is the dry weight of the soil. 
In the first case (A3) the porous nature of the bonding has being taken into account as 
well as the crushed kaolin (CFK). In the second case (A4) only the porosity of the CFK grains 
is accounted for. The respcctive intcrgranu lar void ratios will thcrefore be: 
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(a) C· = 1.815 _ 1 
mt -yd 
o r 
( b) e. = 1.994 _ 1 
mt -:yd (A7) 
depending on which calculation method is adopted. 
CASE2 
Calculation of the intergranular void ratio of artificial soil of 300 series (168400, only 
sand and kaolin fired at 500"C). 
(a) v· _ w [0.16 + 0.84] s - s 1.28 1.28 
C· = 1.28 - 1 
mt -yd 
o r 
( b) v· - w ro.16 + 0.84] s - s L2.5I t.28 
e. = 1.39 - 1 
mt -yd 
CASE3 
Calculation of the intergranular void ratio of artificial soil 00 series (130087). 
(a) v· - w ro.J3 + 0.87] s - s U.28 2.65 
( b) v· - w ro.13 + 0.87] 5 
- s L2.51 2.65 
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e - 2.631 - 1 int - 1d 
CASE4 
The same formulation can be used to calculate the true specific gravity of any mixture. 
(a} This can be done for soil 133057 (100 and 200 series) for example. 
1 - ro.13 + 0.30 + 0.57] Gs - L2.5I m 2.65 
giving G5 = 2.648. This value agrees very well with the value measured in the laboratory 
(G5 =2.65). 
(b) For, for soil 130087 (00 series): 
J... = ro.13 + 0.87] 
G5 L2.51 2.65 
giving G5 = 2.631. 
CASES 
In order to compare the results presented here with those of Maccarini (1987} it is 
necessary to convert the void ratio appropriat.ely. The value used by that author (Maccarini, 
1988) was G~=2.061 for soil 133057. Therefore, to calculate the real void ratio of his samples, 
the following formulas should bc used: 
(a) For soil 133057 
2.65 (1 + eint) 
e = 2.061 - 1 = 1.286 (1 + eint) - 1 
(b) For soil 130087 
2.63 (1 + eint) 
e = 2.47 - 1 = 1.065 (1 + eint) -
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APPENDIX 2 
MODIFIED HARV ARD MINIATURE COMPACTION EQUIPMENT 
There is a volume increase in the amount of soil in relation to that proposed by Wilson 
(1970) (see figure). 
The compaction effort on each sample was modified to achieve the same results as the 
conventional Proctor test. The same ram and ram force (178 N) were maintained. The 
compaction comprises: 
five layers of soil/sample 
20 tampsflayer 
--.. -- .. !-
o I 
. . 
........ : ~ 
,___ 
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